




intermediate physics 

VOLUME I 


i;v 

^ S. C. RAY CHOWDHURY, M.Sc., 

Late Head of the DepartmerU oj Phyetce, 
Government College, Alwajfarpur 

AM> 

D. B. SINHA, M.Sc, Ph.D. (Lond.). D.I.C. 

Reader in Applied Phyeiee. Calcutta Vntveraity : 
Author of' Intermediate Practical Phyeice" : 

Author of "Madhyamik Bhowtik Bijnan" : 

Author of "Modem School Phueice" : 

Author of "Padartha Bijnaner Gorai Katha". 


KKIHTH.EDITION 

( Thonoughly Be voted ) 


MODERN"iBOOK AGENCY PRIVATE Ltd. 

10, Bankitn Chatterjee Street, 

CALCl^TTA 12 



Publubed by 
D. C. Bose, 

Modern Book Agency Private Ltd., 

10, Bankim Chatterjee Street, Calcutta 12 


Fust Edition 1948 
Second Edition 1949 
Third Edition 1951 
Fourth Edition 1952 
liith Edition 1954 
Sixth Edition 1956 
Seventh Edition 195b 
Eighth Edition 1959 

Volume I-General Physics, Heat. Sound & Aeronautic^ 

Price Efi. 8*00 only 


Agent 1 

BOOK LAND P. LTD. BOOK LAND P LTD 
44 . Jonstongunj, Chowhatta, 

Allahabad, Patna, 


Printed by 

S. B. Malhk. Baai Press. 
16, Hcmendra Sen Street, 
Calcutta 6 1 



PREFACE TO THE FIRST EDITION 

Outline * of Inter mtdtaie Physics written by Prof. 8. C. Eay 
Chowdhury bjis been thoroughly revised and recast and is being 
presented to'the readers as “Intermediate physics”* under our joint 
autliorship. In preparing the book in its present form, we have been 
solely guided bythe.eoiisiderution that for the fixing uj) of new ideas 
in the minds of tlie learners it is neecasary to indicate the field of 
tlieir applications also by concrete example'). Additions and alterations 
have naturally been .made'here* and‘there. Moreover, tl)c book has 
been rewritten .it many a place to bring it in line with modern ideas. 
Borne new toi)ics have been included in ordm- that it may cover 
tlie syllabuses* of studu's of the various Indian Universities. Many 
old blocks have bi en changed and a larjic niunber of new blocks have 
been added to illustiate the .subjcct-matt* i' properly 

The authofs will deem their labours amply rei)aid, if this new 
set-u]> pi i ves to be ol greater service to th(' readers. 

Calcutta, I 8. C. Ray Chowdhury, 

Febriiar>, 11118. j D. B. Binha 

PREFACE TO THE FHTIT EDITION 

I regret to rc'cord in this edition the death of my esteemed 
co-author Prof. S. C. Ray Chowdhury. 1 mits him so much to-day. 
A profound scholar., a kind soul he was. Ma> his soul rest in peace. 

For about two >ears past I have boon away in England. Still 
we have spared no i)ain.s to ri'vise tin* book as best as possible with 
a view to furtlu'i improtement. Ndtouly there has been .some re¬ 
arrangement, ])artieularly in Parf 1, but aKo ''Ome new topics, accom¬ 
panied by necessary blocks, have been added to meet the require¬ 
ments of the changing limes. Any api)r('eiation of the same will 
undoubtedly be ol great encour.ageinent to me. 

I must thank the publishers for taking all necessary steps to 
publish the book in time in my absence. 

Imperial College, 

London, S. W. 7. } 

July, ^954. 


D. B. Sinba 



PREFACE TO THE SIXTH EDITION 


In the first place 1 (‘xpross my thanks to all teachers of Physics 
for their wide appreciation of the book. Th<‘ readers of this t(‘xt 
extend from Kashmir to Burma. 1 am grateful to the publishers 
for the efficient way in which they liave been maintaining th(‘ supply 
over such wide distances. I should also appr(*ciat(‘ the efforts of the 
printers who have worked under heavy strain. 

On my part I can assure ray fellow teachers that I have tlioroughly 
revised the text. If any errors have still occurred, the author will 
greatly appreciate any notices sent to him pointing out the same and 
will take steps to rectify them. 


Calcutta, 
27. fi. 50. 


D. B. Sinha 


PREFACE TO THE SEVENTH EDITION 

Important changes, both in contents and arrangement, have been 
made in Part I (General Physics) of this volume. Questions of 
interesting nature from recent examination papers of the various 
Universities in India have been also incorporated. The author 
thanks the Publishers and the Printei-s for their ungrudging co¬ 
operation at every stage. 

Calcutta, July, 1958. D. B. Sinha 


PREFACE TO THE filGHTH EDITION 

The contents remain the same in this edition. Slight chiinges 
in treatment here and there, and a thorough checking up thruiighout 
have been made. Topics for which references to the ‘Additional 
Volume' of this book will be fouud are meant mostly for the Bombay 
and Rangoon Universities. 


Calcutta, August, 1959 


D. B. Sinha 



CONTENTS 

PART I 

GENERAL PHYSICS 

citaptj:r t 

INTRODUCTION 

PA(.t 

1. The Five Senses, and Knowledge. 2. The Sciences, Basic and 1 
Subsidiary. 3. ^he object of Physics, 4. Matter and Energy. 5, Sub¬ 
divisions' in Physics, 6, Measurements, 7, Units and Standard?. 

8 Fundamental and Derived Units. 9. Systems of Fundamental Unit*. 

9(a) Practical Units and Absolute Units, 10. Standard Notations 
11 The Fundamental Units, their Multiples and Sub-multiples. 12. M. K 
S Units. 13. Advantages of the Metric (C. G. S.) System. 14. Dimen¬ 
sions of Derived Units 15. General Maxim of Physical Sciences 

• 

CHAPTER H 

MEASUREMENTS 

16 Meaburement of Length. 17. Different Type* of Appliarccs 12 
for Me.isurement -of Length—(ci) Field Work, ^5) Workshop 
Practice, (c) Laboratory Work. 18. Measurement of Small Lengths . 

(o) The slide-Callipers: Screw and Nut principle : (6) The Screw-gauge ; 

(c) The Spherometcr ; Thickness of a Plare of Glass by Sphciometer ; 
Radius of Curvature of a Spherical Surface by Spherometcr : Proof of the 
Formula. Pk Measurement of Area ;*(a) Areas of Regular Figures; 

(6) Areas of Irregular Figures. 20, *Measurement cf Volume : Table: (o) 
Measurement of Volume of a Liquid; (b) Volumes of Regular Solids: 
Volume of a Sphere : (e) Volumes of Irregular Sobds, 21. Measurement 
of Mass. 22 Measurement of Time; (a) The Sun-Dial: (b) The 
Hour-Glass (or Sand Glass) : (e) Clocks and Watches; (d) The 
Watch : The Stop-watch : The Stop-clock : The Metronome. 

CHAPTER JIl 

STATICS AND DYNAMICS 

t 

23. Body. 24. Particle. 25. Mechanics. 26. Position of a Point or 36 
Body. 27. The Rectangular Coordinates. 28. Rest and Motion. 29. Kinds 



vi 


PAGE 

of Motion : Translatory and Rotatory Motion. 30. Tarms connected with 
Motion. 3L Distinction between Velocity and Speed. 32. Units of 
Velocity or Speed. 33. Acceleration. 34. Units of Acceleration. 33. 
Retardation. 36. Angular Velocity. 37. Relation between Linear and 
Angular Velocity in Uniform Circular Motion. 38. Uniform Motion 
in a Straight Line. 39. Rectilinear Motion with Uniform Acceleration. 

40. Special Cases. 41. Distance traversed in any particular Second. 

42. General Hints. 43. Force : (a) Representation of a Force by a Straight 
Line : (6) Equilibrium. 44. Principle of Transmissibility of Force. 45. Com¬ 
position and Resolution of Forces : (o) Resultant and Components ; (6) 
Resultant of Forces acting along the same Straight Line ; (®) Resultant of 
two Forces in different Directions. 46. The Law of Parallelogram, of 
Forces. 47. Experimental Verification. 48. Illustrations. 49. Triangle 
of Forces : (a) Converse of the Triangle of Forces : (6) Experimental 
Proof; (c) Practical Problem. 50. Lami’s Theorem. 51. Polygon of 
Forces. 52. Resolution of Forces. 53. Components of a Single Force in 
two assigned Directions. 54. Resolution of a Force into two rectangular 
directions, 55- Resolved Part. 56. Resultant of Coplanar Forces acting 
at a Point. 57. Conditions of Equilibrium of Forces acting at a Point. 

58. ^ome Practical Problems. 59. Compositions of Velocities and Acce¬ 
lerations. 60. Resolution of Velocity or Acceleration. 6L Triangle of 
Velocities. 62. Polygon of Velocities. 63. Relative Velocity. 64. Mo¬ 
ment of Mass .* Centre of Mass, 65. Moment of a Force. 66. Effect of 

I 

a Force ; (<») Physical Meaning of the Moment of a Force : (b) Positive 

and Negative Moments ; (c) Algebraic Sum .of Moments. 67. Principle 
of Moments. b8. Moment of Inertia. 69. Kinetic Energy of a Rotating 
Particle. 70. Moment of Inertia of a Body about an axis. 71. Radius 
of Gyration. 72. Parallel Forces : (o) Like Forces ; (6) Unlike Forces, 

73 . The Couple. 74. Theorems on Couples. 75. Action upon a Rigid 
Body: (®) Conditions of Equilibrium of a,Rigid Body. 76. Vector and 
Scalar Quantities. 77. Rene Descartes. 

f 

./Chapter it 

NEWTON'S LAWS OF MOTION i FORCE 

78.' Newton's Laws of Motion. 79, The First Law of Motion: 70 

Force. 89. The Second Law of Motion. 81. Units of Momenyim. 

82. Measurement of Force. 83. Verification of Newton’s Second Law 
(Fletcher’s Trolley Apparatus). 84 Impulse of a Force. 85. Impulsive 
Force. 86. The unit of Force. 87. Relation between Dyne and Poundal. 



PAftB 


• • 

VII 

88. Physical Independence of Forces. 89. Pull, Push, Tension and 
Thrust. 90. The Third Law of Motion. 91. Conservation of Linear 
Momentum. 92. Circular Motion. 93. Centripetal and Centrifugal 
Forces ; (1) Motion of Bicycle in a curved Path ; (2) Banking of Tracks ; 

(3) Centrifugal Drier; (4) Cream Separator; (5) Flattening of the 
Earth; (6) Watt’s Speed Governor: Theory of the Conical Pendu¬ 
lum ; (7) Loss of Weight of a Body due to Earth's Rotation. 

A-- CHAPTER V 

GRAVITATION AND GRAVITY: FALLING BODIES : PENDULUM 

94. Historical Notes. 95. Newton’s Laws of Gravitation. 96. Gravita- 92 
don and Gravjty. 97. The Acceleration due to gravity. 98. Vari¬ 
ation of ‘g’ or Weight from Place to Place. 99. Weight of a Body on the 
Sun or Moon, 100. ‘Weighing’ the Earth. 101. Centre of Gravity: 
Important Notes on Centre of Gravity. 102. C. G, of Symmetrical Bodies. 

103, Determination of C. G. of an Irregular Lamina. 104. Stable, 
Unstable and Neutral Equilibrium. 105. Morion of Connected Systems. 

106. Experimental Determination of g. 107. Apparent Weight of a Man 
in a moving lift. 108, Falling Bodies. 109. Why s body falls to the 
Earth. 110. The Laws of falling Bodies. 111. Notes on the Verificat 
tion of Galileo’s Laws : Verifications by Inclined Plane Method. 112. The 
falling of Rain-drops. 113. Bodies projected Downwards. 114. Bodies 
projected Upwards. 115. Pendulum : Historical Notes. 116, Some Defi¬ 
nitions ; The Simple Pendulum ; The Compound Pendulum : The Seconds 
Pendulum. 117. Some Terms (Pendulum). 118. The Laws of Pendulum. 

119. Simple Harmonic Motion. 120. Motion of a Simple Pendulum is 
Simple Harmonic. 121. Period of a Simple pendulum. 12? Verification 
of the Laws of P.sndulum. 123 The Length of a Seconds Pendulum, 124. 
Value of jf by a Pendulum. 125. Los* or Gain of Time by a Clock on 
Change of Place. 126. Measurement of Height of a Hill by pendulum or 
Clock. 127. Disadvantages of a Simple Pendulum. 128. Johann Kepler. 

129. Galileo Galilei. 130. Christian Huygens. 131. Sir Isaac Newton. 

132. Henry Cavendish. 


^ CHAPTER VI 

'"work : ENERGY : POWER 

133. •Work. 134. Units of Work. 135. Conversion of Foot-Poundals 124 
into E^gs. 136. Relation between the two Units of Work. 137. Power. 

138. Units cf Power. 139. Conversion of H. P. into Watts, 140. Con- 



vui 


• PAG3ff 

venioa of Kilowatt*houur into Foot-poundi. 141. Distinction between 
Work and Power. 142. Mechanical Energy. 143. Distinction between 
Energy and Power. 144. The two Forms of Mechanical Energy; (o) 
Potential Energy : (t) Kinetic Energy. 145. Potential Energy and State 
of Equilibrium. 146. Transformation of Energy and the Principle of 
Conservation of Energy. 147. Principle of Conservation of Energy and 
Swinging Pendulum. 148. Total Energy of a Falling Body. 149. A 
Particle sliding down an Incline. 150. A Projectile. 151. Perpetual 
Motion. 152. Velocity of a Pendulum Bob at the lowest Point. 153. Other 
Forms of Energy. 154. The sun is the ultimate source of all Energy. 

155. Exampleli of Transformations of Energy. 156. Different Examples of 
Work done. 157. Summary of Results. 

CHAPTER Vn 

FRICTION: MACHINES 



158. Friction. 158 (a). (») Static friction and its limiting value, (if) 141 
Kinetic or sliding friction : (6) Rolling friction : (c) Fluid friction. 159. 

Role of friction. 150. Limiting friction. 161. Laws of Limiting Friction. 

162. Co-efficient of friction. 163. The Angle of Friction. 164. Cone of 
static friction. 165. Determination of Co-efficient of Friction; (f) Hori¬ 
zontal Plane Method : (if) Inclined Plane Method. 166. Angle of Repose. 

167. Co-efficicnts of Friction. 163. Laws of Kinetic (or sliding) friction. 

169. Co-efficient of Kinetic (or sliding) friction. 170. Machines. 171 (a). 
Mechanical Advantage : (6) Velocity ratio. 172. Efficiency of a Machine. 

173. Relation between Mechanical Advantage. Efficiency and Velocity 
ratio. 174. Principle of Work. 175. Gain in Power and Loss in Speed. 

176, Uses of a Machine. 177. Types of simple machines. 178. The 
Pulley. 179. Inclined Plane. 180. The Lever. 180(o). Straight Levers. 

181. Applications of Levers. 182. Examples of Different CJasses of 
Levers. 183. The wheel and the Axle. l84. Screw. 185. Applications 
of. the screw. 186. Velocity Ratio aq^l Efficiency of a screw-jack. 187 
Wedge, 188. Magnification of Displacem^t by levers. 18-. Rack and 
Pinion. 190. The Common Balance ; Weight Box: Principle of Measure¬ 
ment. 191. Theory of the Common Balance. 192. Requisites of a Good 
Balance. 193. Test of Accuracy. 194. Weighing by the Method of 
Oscillation. 195. Double Weighing. 196. A False Balance. 197. Roman 
Steelyard. 198. Platform Balance. 199. The Spring Balance. 200. Dis- 
ti notion between Mass and Weight. 201. Detection of the Variation of 
Weight of a Body. / / 

CHAPTER Vni 

PROPERTIES OF MATTER 

202. Constitution of Matter : Molecules and Atoms. 203. The Thrfc 176 
States of Matter. 204. Physical States and Temperature. 205. Molecular 



ix 


PAGE 

Motion in the thteo States. 206^ General Properties of Matter. 

207. Elasticity. 208. Some terms in elasticity. 209. Load«cztension 
graph. 210. Factor of Safety. 211. Different kinds of Strain. 212. Hooke’s 
Law. 213. Young's Definition of Hooke’s Law. 214. Table of Elastic 
Constants, 215. Steel more elastic than India-Rubber. 216. Verifica¬ 
tion of Hooke's Law. 217. Young’s Modulus : Bulk Modulus : Rigidity 
Modulus. 218. Distinction between Modulus of Elasticity and Young's 
Modulus. 219. Determination of Young's Modulus: Ve^er Method : 
Searle’s Method. 220. Properties peculiar to Solids. Properties 

peculiar to Fluids. 222. A Simple Explanation of Diffusion. 223. Viscosity. 

224. Viscosity is a relative term. 225. Demonstration of Viscosity. 

226. Stream-Line Motion and Turbulent Motion. 227. Nature of Flow 
of Liquid in important Cases. 228. Determination of Viscosity of Water. 

229. Practical Importance of Viscosity, 230. Properties peculiar to 
Liquids. 231. Importance of Osmosis. 232. Surface Tension. 233. Effects 
of Different Factors on Surface Tension. 234. Experiments on Surface 
Tension.^ 235. Spherical Shapes of Liquid Drops. 236. Part played by 
Cohesion and Adhesion. 237. Angle of Contact. 238. Table of S. T, 
and Angle of Contact. 239. Capillarity. 240. Capillary Rise of a Liquid 
in a Tube. 241. Junn’s Law. 242. Robert Hooke. 243. Thomas Young. 

CHAPTER IX 

HYDROSTATICS 

244. Hydrostatics. 245. Liquid Pressure. 246. lice Surface of a 207 
Liquid is horizontal. 247. Some illustrations of equilibrium of liquids. 

(1) The Spirit Level; (2) City Water Supply; (3) Artesian Well; 

(4) Tube-wells. 248. Lateral Pressure of a Liquid. 249. Pressure 
acts in a Direction perpendicular to Wall. 250. Pressure at a 
point depends upon the depth ancl is independent of Shape of the Vessel. 

251. Upward Pressure is equal to Downward Pressure at the same depth. 

252. Pascal’s Law. 253. Principle of Multiplication of-Force. 254, The 
Hydraulic Press. 255. Hydrostatic Bellows. 256. Other examples 
of Pascal's Principle. 257. Blaise Pascal. 

CHAPTER X 

ARCHIMtDES' PRINCIPLE 

258. Archimedes’ Principle. 259. Buoyancy. 260. Applications of • 225 
Acchimedes* Principle. 261. History. 262. The Principle of Archime¬ 
des is also true for Gases. 263 True Weight of a Body : Buoyancy Cor¬ 
rection. 264. Which is heavier, a lb. of cotton or a lb. of lead ? 265. Two 
interesting Cases on Downwad Thrust. 266. Immersed and Floating 
Bodies. 267. Conditons of Equilibrium of a Floating Body. 268. The 
StabilYty of Floatation. 269. Meta-centre. 270. Densities of Immersed 
and Floating Bodies. 271 Illustrations of the Principle of Buoyancy of 



z 


PAOE 

Xiquids: Why Ice floats on water 7 Why an Iron Ship floats on 
Water 7 272. The carrying Capacity of a Ship. 273. The PlimsoU 
l.ine. 274. The Floating Dock. 275. The Principle of a Life-belt. 

276. Swimming. 277. The Cartesian Diver. 278. The Submarine. 

279. Density of Ice. 280. Density of Wood, Wax, etc. by Floatation. 

28L Principle of Hydrometer. 282. Principle of the Variable Immersion 
.Hydrometer. 283. Archimedes. 

CHAPTER XI 

SPECIFIC GRAVITY 

284. Density and Specific Gravity. 285. Relation between Density 243 
and Specific ‘Gravity in the two systems of Units. 286. Sp. Gr. of 
Solids. 287. Sp. Gr. of Liquids. 288. Temperature Correction. 

CHAPTER Xn 

PNEUMATICS 

289. The Earth’s Atmosphere. 290. Physics of the Atmosphere. 259 
291. Atmospheric Pressure. 292. Air has Weight. 293. Air exerts 
Pressure 294. Nature abhors Vacuum. 295. Torricelli’s Bkperiment. 

296. Barometers. 297. Barometer Reading Corrections. 298. Diameter 
of the Barometer Tube. 299. Why the Barometric Height varies ? Fore¬ 
casting of Weather. 300. Uses of Barometers. 301. Value of the 
Atmospheric Pressure. 302. Why mercury is a Convenient Liquid 
for Barometers 7 303. Variations in the Atmosphere. 304. Homo¬ 
geneous Atmosphere. 305. Pressure on the Human Body. 306. Balloon 
?nd Airship. 307. Parachute. 308. The Lifting Power of a Balloon. 

309. Boyle’s Law. 310. Pressure and Density. 311. Verification of 
Boyle’s Law. 312. Isothermal Curve. 313. Deviations from Boyle’s 
Law. 314. Verification of Boyle’s Law by another method. 315. Faulty 
Barometer. 316. Measurement of Pressure of a Gas. 317. Evangelista 
Tonicelli. 318. Robert Boyle. 

CHAPTER Xni 

APPLICATION OF AIR PI^SSURES: PUMPS 
* 319. Valves. 320. Air-Pump (Exhaust Puftnp). 321. Double Barrelled 289 
Air-Pump. 322. Calculation of the Density of Air in the Receiver. 

323. Filter Pump (Water Jet Pump).*324. The Condensing (Compression) 

325. Density and Pressure in the Receiver. 326. Compression 
'and Exhaust Pumps Compared. 327. Different Forms of Compression 
Pump : Bicycle pump : Football Inflator. 328. Some uses of compressed 
air* 329. The Water pumps: The Syringe: Pen-filler. 330. Common or 
Suction Pump. 33L Limitation of Suction Pump. 332. The Lift Puo^p. 

333. The Force Pumpi. 334. Rotary Pump. 335. The Centrifugal pump, 

336. The Siphon. 337. The Intermittent Siphon. 338. The Diving Belli 
JS&i, Otto Von Guericke. 



PART II 

HEAT 

CHAPTER I 

HEAT : TEMPERATURE: THERMOMETRY 

PAGE 

L What is I‘beat' ? 2. Temperature, 3. Heat and Temperature. 309 
4 Effects of Heat. 5. Measurement of Temperature. 6. Choice of 
Thermometric Substance. 7. The Hypsometec. 8. Construction of a 
Mercury Tbermpmeter. 9. Sources of Errors in a Mercury Thermometer. 

10. Scales of Temperature. 11. Corrections fot‘,Thermometer Readings. 

12. Different Forms of Thermometer. 13. Advantages of Mercury as 
Thermometric substance. 14. Comparison of Mercury and Alcohol. 

CHAPTER n 

EXPANSION OF SOLIDS 

15. Expansion and Contraction. 16. Expansion of Solids. 17. Different 325 
Aspects of Expansion. 18. Forces of Expansion or Contraction. 19. Linear 
Expansion. 20. Does < depend on the unit of length and scale of 
Temperature ? 21. Coeflicient of Expansion at different Temperatures. 

22. Measurement of Linear Expansion. 23. Substances not affected by 
Temperature. 24. Superficial and Cubical Expansions. 25. Relation 
between «t and j8. 26. Coefficient of Cubical Expattlson of a Body, 

27. Relation between < and % 28. Practical Examples of Expansion of 
Solids. 29, Compensated Pendulum. 30. Compensated Balance Wheel 

CHAPTER HI 

I 

EXPANSION OF LIQUIDS 

31 Dilatation or Expansion of Liquids. 32. Variation of Density with 341 
Temperiture. 33. Determination of Coeff. of Apparent Expansion of 
a Liquid. 34. Exposed Stem Correction for a Thermometer. 

35. Coefficient of Absolute Expansion. 36. Apparent Loss in 
Weight of a Solid dipped in a Liquid at different Temperatures. 

37. Anpmalous Expansion of Water. 38. Constant Volume Dilatometer. 

39. Table for Densitjr of water at Different Temperatures. 40. Hope’s 
Etperfment. 41. Practical Importance of Hope’s Experiment. 42. Cor¬ 
rection of Barometric Reading. 43. Regnault. 44. Thomas Chaxles Hope. 



CHAPTER IV 

FXPANSION OF GASES 


PAGE 

45. Expansion of gases. 46. Expansion of Gases at Constant 362 
Pcessuce. 47. Importance of measucing Expansion of a Gas with xespect 
to Volume at 0°C. 48. Important Points of Difference. 49. Determination 
of Coefficient of Expansion of a Gas at Constant Pressure. 50. Increase 
of Pressure of a Gas at Constant Volume. 50(a). Determination of the 
Pressure Coefficient of a Gas. 51. Relation between and 7«, 52. Gay- 
Lussac. 53. 'Gas Thermometer. 54. Absolute Zero and Absolute Scale. 

55. Charles’ Law in terms of Absolute Temperature. 56, Meaning of 
N.T.P, 57. The Law connecting Pressure, Volume and Temperature of 
a Gaa. 58. Value of the Gas Constant. 59, Change of Density of a gas. 

60. The Kinetic Theory of Gases. 61, Interpretation by Kinetic Theory. 

62. Evidence of Molecular Motion. 63, Explanation from Kine^c Theory. 

64. Perfect Gas. 65. Isothermal and Adiabatic Changes. * 

CHAPTER V 

' CALORIMETRY 

66. Quantity of Heat. 67. Calorimetry and Calorimeters. 68. Units of 387 
Heat. 69. Relations between the Units of Heat. 70. Principle of Measure¬ 
ment of Heat. 71. Specific Heat. 72, Definition of Specific Heat. 73. Ther¬ 
mal Capacity. 74. Water equivalent. 75. Determination of W. E. 
of a Calorimeter. 76, Specific Hear of a Solid. 77, Measurement of 
High Temperature by the Calorimetric Method. 78. Calorific Values 
of Fuels, 79. Sp. Heat of a Liquid. 80. Specific Heat of Gases. 

81. Op IS greater than 82. Cv—CpszBjJ. 83. Consequence of 

High Sp. Heat of water. 81. Lateift Heat. 85. Units of Latent 
Heat. 86. Reality of Latent Heat. 87. Lletermination of the Latent 
Heat of Fusion of Ice. 88. High Latent Heat of water. 89. Ice- 
Calorimetets. 90. Bunsen's Ice-Calonmetei. 91. Determination of the 
Latent Heat of Vaporisation of Water. 92. Joly’a Steam Calorimeter. 

93. Joseph Black. 


CHAPTER VI 

CHANGE OF STATE 

94. Fusion and Solidification. 95. Melting Poins. 96. Vi8COu| 414 
State. 97. Sublimation. 98. Change of Volume in Fusion and 
Solidification. 99. Determination of Melting Point of a Substance. 



ICO. Melting'pointf of Alloyi. 101. Effect of Piesture on Melting 
Point, 102. Freezing Mixtures. 103. Laws of Fusion. 104. Vapori* 
sation and Condensation. 105. Phenomena during Change of State. 

106. Evaporation and Ebullition. 107. Cold caused by Evaporation. 

108. Experiments on Absorption of Heat by Evaporation. 109.-Refri¬ 
geration. 110. Vapour Pressure and Saturation Vapour Pressure. 

111. Change of Volume at Constant Temperature. 112. Measurement 
of Saturation Vapour Pressure (Regnault’s Ezpt.) 113. Effect of Change 
of Temperature on Saturated Vapour and Unsaturated Vapour 
114. Distinction between Saturated and Unsaturated Vapours. 115. Mix¬ 
tures of Various Vapours. 116. Critical Temperature : Gas and'Vapour : 
Permanent Gases. 117. Boiling by Bumping. 118. Condition for Boiling. 

119. Boiling Point depends on the Pressure. 119(a). Papin's Digester. 

120. Boiling Points of Solutions. 121. Laws of Ebullition. 122. Ebulli¬ 
tion and Fusion Compared. 123. Chang'* of Volume of Water with 
■Change of State, 124. Determination of Height bv Boiling Point. 

CHAl^TER VII 

HYGROMETRY, 

125. Hygrometry. 126. Dew-Point. 127. Dryness and Dampness. 448 
128. Hygrometer.*?. 129. Mass of Aqueous Vapour. 130. Condensation 
of Aqueous Vapour. 130(a). Rain-gauge. 

CHAPTER VIII 

TRANSMISSION OF HEAT 

131, Modes of Transmission. 132. Conduction. 133. Thermal 463 
properties of some materials ; Davy’s safety lamp ; other illustrations 
134. Comparison of Conducting Pxopeities. 135. Thermal Conductivity. 

136. Thermal Conductivity and Rjite of Rise of Temperature. 137. Com¬ 
parison of Thermal Conductivity. 138. Determination of Thermal 
Conductivity of Solids. 139. Conduccivicy of Liquids and Gases. 140. Con¬ 
vection. 14L Convection Currents in Liquids. 142. Convection of Gases. 

143. Ventilation. 144. Natural Phenomena: Winds. Land and Sea Breezes. 
Trade Winds 145. Distinction between Conduction, Convection and 
Radiation. 146, Nature of Radiation. 147. Radiant Energy. 148. Instruments 
for Detecting and Measuring Thermal Radiation. 149. Radiant Heat and 
Light .Compared. 150. Emissive Powers of Different Bodies. 151. 
Absorption of Radiation. 152. Selective Absorption of Heat 
JRsdiation. 153. Some Practical Applications of Absorption and 



XIV 


PAGE- 

Emission. 154. Radistion Pyxometty, 155. Dewar'a* Btask. *156. Heat 
Lois by Radiation: Newton's Lawtoi Cooling. 156 (a). Prevost's Theory 
of Exchanges. 157. Air-Conditioning. 

CHAPTER IX 

MECHANICAL EQUIVALENT OFjHEATftlHEAT.ENGINES 

158. Nature-of Heat.*^' 159. Heat and Mechanical Work. 160. Mecha- 489* 
nical Equivalent of Heat. 161, Determination of J. 162. Work 
done by a Gas. 163. Energy given out by steam. 164 Conversion of 
Heat into Mechanical Energy : Boilers ; Safety valve : Speed Regulation : 

Crank and Fly-wheel. 165. The Steam Engine. 166. The internal 
Combustion Engine: Otto Cycle. 167. Different Internal Combustion 
Engines. 368. Thermal Efficiency of an Engine : I, H. P.. B. H. P.: Mecha¬ 
nical Efficiency. 169. James Prescott Joule. 170. James Watt. 


PART III 
SOUND 
CHAPTER I 

PRODUCTION AND TRANSMISSION OF SOUND 

L Definition of Sound. 2. Propagation of Sound (a material medium 513 
necessary). 3. Essential Requirements foe Propagation of Sound. 

4. Propagation of Sound. 5. Representation of a Sound-wave. 

CHAPTER n 

WAVE-MOTION: SIMPLE HARMONIC MOTION 

6. Wave-motion: Transverse and Longitudinal Waves: Progressive 518 
Waves: Representation of transverse and longitudinal wave-motion ; 
Demonstration of wave-motions. 7. Graphical Representation of a 
Sound-Wave. 8. Some Important Terms: Frequency, Amplitude, Phase, 
Wave-length, Wave-front, and Period. 9. Velocity of Sound-waves.* 
Simple Harmonic Motion. II. Equation of a Simple Harmonic 
Motion. 12. Velocity and Acceleration in S.H.M. 13. Characteristics 
of Progressive Wave-motion. 14. Characteristics of S.H.M. 15. The 
Displacement Curve of a S,H.M. 16. Examples of S.H.M. 17. Importance 
of S.H.M. 18. Sound ie a Wave-motion. 19. Expression for Progressive 
Wave-motion. 



XV 


PAGE 

CHAPTER m 

VELOCITY OF SOUND 

20. Velocity o£ Sound in Air. 2L Experimental Determinetion of 531 
Velocity of Sound in Ait. 21(a). Velocity of Propagation of Sound 
through tare Gaaea. 22. Newton*x Formula for the Velocity of Sound. 

23. Calculation of Velo 9 ity of Sound in Ait at N, T. P. 24. Laplace’a 
Correction. 25. Effect of Pressure, Temperature, and Humidity on the 
Velocity of Sound in a Gas. 26, Velocity of Sound in Different Gates. 

27. Velocity of Sound in Water. 28. Velocity of Sound in Solids, 

29, Hydrophone. 30. Sound-Ranging. 31, Determination of Ship's Position, 

^ CHAPTER IV 

REFLECTION AND REFRACTION OF SOUND 
32. Sound and Light Compared. 33. Reflection of Sound. 31(o). Practi- 545 
cal Examples. 34. Echo. 35. Echo Depth*Sounding. 36. Nature of the 
Reflected Longitudinal Wave. 37. Refraction of Sound. 

. CHAPTER V 

MSftNANCE; INTERFERENCE ; STATIONARY WAVES 
38. Free and Forced Vibrations. 39. Resonance. 40. Resonance 553* 
of Ait'Column. 41. Sounding (Resonance) Boxes. 42. Resonators. 

43. Sympathetic Vibrations. 44, Interference of Sound 45. Beats. ^ 
45(a). Number of Beats heard per second is equal to Dtff. between two 
Frequencies. 46. Tuning Instruments. 47. Determination of the Fre¬ 
quency of a Fork by the Method of Beats. 48. The Conditions for 
Intetference of two Sounds. 49. Experimental Demonstration of Acousti¬ 
cal Interference. 50. Progressive and Stationary Waves. 51. Progresaive 
and Stationary Waves Compared. 52. Hermann Helmholtz. 

i^PTER VI 

MUSICAL SOUND; MUSICAL SCALE; DOPPLER EFFECT 
53. Musical Sound and Noise. 54. Characteristics of Musical 566 
Sound. 55. Deter, of Pitch. 56. Musicdt Scale. 57. Some Acoustical 
Terms. 58, Tempered Scale. 59. doppler Effect. 

CHAPTER Vn 

vibration of STRINGS 

60. Vibration of Strings. 61. Reflection of Waves in Transverse 578 
Vibration. 62. Stationary Waves in a String. 63. Velocity of Trans¬ 
verse Waves along a String. 64. Frequency of Transverse Vibration 
of Strings. 65. Laws of Transverse Vibration of Strings. 66. Experi¬ 
mental Verification of the Laws of Transverse Vibration of Strings. 

67. Notes on Tuning. 68. Deter, of Pitch by Sonometer. 69. Certain 
Terma (Note, Tone, Fundamental, Overtone’ Harmonic and Octave). 

^ Harmonics of a Stretched String. 



xvi 


' CHAPTER VIII 

VIBRATION OF AIR COLUMNS i LONGITUDINAL VIBRATIONS 
OF RODS (DUST-TUBE EXPERIMENT) 

71. Stationary Vibration of Air*Column within Organ Pipes. 589 
72. Fundamentals of a Closed and of an Open Organ Pipe of the 
same length. 73. Efiecta of Temperature and Moisture on the Pitch of an 
Organ Pipe. 74 Positions of Nodes and Antinodes in an Open Organ 
Pipe, 75. Determination of Velocity of sound by Resonance of Air> 
Column. 76. Longirudinal Vibration of Rods. 77. Kundt’s Dust-tube 
Experiment. 77 (o). Determination of the Frequency of a Fork by Strobos¬ 
copic wheel. 

CHAPTER IX 

MUSICAL INSTRUMENTS : PHYSIOLOGICAL ACOUSTICS 

78. Musical Instruments. 79. The Phonogtaph. 80. The Gramophone. 604 
81. The Ear. 82, How we hear. 83. The Human Voice. 

APPENDIX (A) 

AERONAUTICS 
CHAPTER I 

THE ATMOSPHERE 

1. Aerodynamics and Aeronautics. 2. Facts about the Atmos- 611 
pheie. 

CHAPTER II 

AIR RESISTANCE 

i. Streamlines. 4. Effect of IShape. 5. Resistance to Motion: 613 
Eddy Resistance: Skin Friction. 6. Resistance Formula. 7. Ber- 
nouillFs Theorem. 8. Ventuii-Tube Experiment. 

O 

CHAPTi:R III 

AEROFOILS (OR WINGS) : FLAT AND CAMBERED SURFACES : 

LIFT AND DRAG 

9. Principles of Flight. 10. Flat Plate inclined to Air-current. 617 
XI. Aeroplane and Kite. 12. Cambered Surface. 13, Some Definitioni: 
Leading Edge : Traibng Edge : Chord: Camber : Angle of Attack : Span : 
Aspect Ratio. 14 Airflow past an Aerofoil. 15. The Centoe of 
Pressure. 16. Lift and Drag. 17. Lift and Drag Formulae, 

18. Factors affecting the Lift-Drag Ratio. 19. Lift and oDrag 
Curves. 20. Lift-Drag Ratio Curve. 21, Stalling, 22. Aerofoil. 



XVll 


^ Page 

Charactcii«dc8< 23. The Ideal Aerofoil. 24. Normal Horizontal Flight. 

25. Conditions of Equilibrium. 

CHAPTER IV 

AEROPLANES AND THEIR CONTROLS : 
MANOEUVRES 

26. Component Parts of the Aeroplane. 27. The Propeller or 625 
Air-Screw: Pitch ; Pitch Angle : Efficiency. 28. Fixed Pitch and Variable 
‘ Pitch Air-Screws. 29. Stability and Balance. 30. Stability. 31. Control. 

32. Stability and,Conttol. 33. Manoeuvres. 34. High Altitude Flying. 


APPENDIX (B) 

TRIGONOMETRICAL RATIOS 

L Trigonometrical Ratios. 2. Values of Trigonometrical Ratios. 635 
3,4 & 5. Values and relations beween trigonometrical Ratios. 6. Signs* 
of Trigonometrical Ratios. 7. Trigonometiiral Ratios of the sum and 
Difference of two Angles. 8. Solution of Triangles. 

APPENDIX (C) 


GRAPHS 

PHYSICAL TABLES 




■ at 


637 

642 



ABBREVIATIONS 


The following abbreviations have been used in the text in connection 

with examination questions— 

'A.B.—Ajmer Board 

AIL—Allahabad University 

And. U.—Andhra University 

Anna. U.—Annamalai University 

Benares (or B.H.U.)—Banares Hindu University 

Bihar—Bihar University 

Bomb.—Bombay University 

C. U.—Calcutta University 

C. P.—Central Province University 

Dac.—Dacca University 

Del. U. (or Del.)—Delhi University 

Del. H. S.—High School Board, Delhi 

E. P. U. (or East Punjab)—East Punjab University 

G, U. ior Gau.)—Gauhati University 

Guj. U,—Gujrat University 

M. B. B,—Madhya Bharat Board 

M. U.—Madras University 

Mysore—Mysore University 

Nag. U.—Nagpur University 

Pat. U.—Patna University 

Poo. (or Poona)—Poona University 

P. U.—Punjab University 

Rajputana (or R. U.)'-*Rajputana University 

U.P.B.—Uttar Pradesh BoA^ 

Utkal—Utkal University 
Wis. U.~Viswavarati University 



PAST I 

GENERAL PHYSICS 

—«o:— 

CHAPTER I 
INTRODUCTION 

J. The Five 5en«et, and Knowledge j—-We possess a‘number 

bodily faculties called ihB senses, vi%. the senses of sigkif hearing, 
email, taste, and touch, which give us ability to gain experiences 
in this universe. All that we know, collectively called knowledge, 
is derived from these experiences. In other words, knowledge is 
based on the sense-perception. The senses remain in a crude form 
in childhood and^^in normal oases develop more and more as the age 
advances. • Maturity is thought to be attained when these senses 
begin to act properly or fully. 

Z. The Sciences, Basic and Subsidiary ;->-Literally, the word 
science means knowle^e. By usage, however, any knowledge is npt 
called science now-a-days. Science m^aiis to-day what is called 
syfdematised and f^mulaied knowledge. It has been classified 
according to certain principles. In order to understand these 
principles we have to remember that our universe consists of matt® 
and ener^ only, matter j^in partly consisting of living beinp and 
partly of inanimate realities. These all are collectively called the 
nature. So what we call natural sdence or natural philosophy 
concerns with all the phenomena in nature, the phenomena being 
partly biological and partly physical. The biological sciences d^ 
with the living beings and energy mainly, while the physical sciences 
deal more with inanimate matter and ^ergy, though there is no sharp 
frontier dividing the two. The physical sciences consist of ^e two 
main divisions, Physics and Chemistry. These two sciences have 
grown more or less independently as if they belonged to two difiWent 
schools of thought, thoui^ essentially their mission is the same. 

The natural sciences are the bam sdenees from which all other 
Subsi^ry sciences such as Engineering, Agriculture, Medicine, 
Astronomy, Aeronautics, Geography, Geology, etc. have sprang up. 
As time will pass, other branches of specialised subsidiary soiSuoes 
are bound to come forward as the nsefolnm of the same for human 
cause wilhbe more widely appreciated. In following up the natural 
sciences both basic and subsidiary, the Importance of another science 
nameily Mathemtticsi which Is the most basic of all sdenees, cannot 
4>e overrated. 
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3. The Object of Phytice .v-The physical Boiencas, as alread^s- 
stated, deal primarily wi^ inanimate matter md evtergy only. 
Inanimate matter and enei^ exist in differenl forms in the different 
parts of the universe. The object of Physics is to study the properties 
of both of them and their inter-relations. Their inter-^’elation is 
oftentimes very subtle and cannot be easily traced. There are a 
multitude of phenomena in nature which are still obscure, and out' 
physical sciences, though they are considerably advanced to-day, 
j^vo not yet been able to explain them. These obscurities in nature 
which remain to be clarified form what we often call the mystery of 

universe. The ultimate object of Physics is to solve these 
mysteries and to reveal the nature. In what we ha^re said above, we 
have not included the obscurities or mysteries of the domain of life. 

4, MoZter and Energy :—Matter is anything which epsts iik< 
nature occupying some bulk (w. volume) and can* be perceived by 
one or more of our eensea. As will be known later, after the 
consideration of Newton's Laws of Motion (Art. 78), its effect is to 
offer resistance to causes which tend to produce a change in its 
position, configuration or motion. The water, ,the air and the 
vegetations are only some different kinds of matter. Ninety-odd 
different elementary kinds of matter have been recognised in our 
modern physical sciences and they, by combination, constitute the 
'^hole material univerae. The quantity of matter in a given volume, 
called the mass of it, remains the same even if the volume, or shape 
is altered by external causes. That is, matter refers to the stuff and 
not to the volume or shape. For example, a piece of wool can be 
compressed to occupy a smaller volume but the mass of it remaina 
the same as before. This shows that matter is capable of extension - 
or compression. Ordinarily, matter has weighty but the weight is 
not an irdierent property of matter. For the weight of a given piece 
of matter does really arise on account of its position with respect 
to the earth and when that position changes, me weight changes. 
We have even the possibility of the weight becoming zero at certain 
situations. Mathematically, o^e such situation is when a given piece 
of matter can be placed at the centre of the earth. But even then 
the mass of it will remain the same* though it will lose all its weight. 
Thus, though the weight is a very common property of matter, it ig. 
not an essential property. 

Energy, like matter, is something which exists in nature, though 
in different kinds. It pervades throughout this universe but has no 
bulk to be perceived bv our senses. It has also no weight and knows 
no extension or compression. But what is to be remembered is that 
work, whatever be its nature, can never be produced without expendi- 
ture of energy. Energy is, therefore, defined as the cause of work. 
So energy imd work are synonymous, f.e. what is energy is work 
fU3jd what is work is energy. That is the reason why Energy is 
^lOanritatively measured by work. As work may be of various types. 
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the oorrespondi^ ener^es are difiPerently n^ed, depending on the 
type of work. The main divisions of energy are : nmkanicail energy 
(energy possessed by matter on account of position, configuration or 
motion), heat energy, sound energy, light energy, magnetic energy, and 
electrical energy. Each one of ^em is transformable into any other 
form or forms and this shows the ultimate identicality between 
difPerent kinds of energy. For modem concepts refer to Art 4 {d^ 
Additional Volume, of this book. 

5. Subdivieions in Phyeice :—The subject of Physics is, for 
convenience, usually divided into the following branches— 

(1) General Physics, (2) Heat, (3) Sound, (4) Lights 
(5) Magnetism, and (6) Electricity, 

Of these branches, ^General Physics' deals with the general 
properties of matter and eneigy, while the rest deal with the detailed 
study of energy ta special forms. 

6. Measurements :—The physical sciences are called 
sciences, for they give us accurate knowledge. This exactors or 
accuracy comes from what are called measurements. The study of 
Physics yivolv€S measurements of various types at every stage. So 
Physios is often called the science of measurements. The principles 
and techniques of measurements have grown as a very important 
branch of Physics. Precision measurements have reveal^ far-reach¬ 
ing results in our physical sciences and so stress is always very 
rightly laid on the precision or accuracy in measurements. 

The keynote of progress everywhere and so in precision 
measurement also, is e^ot comparison. To enable comparisons, 
it is necessary to establish and maintain concrete and exact standards 
of measurement. The maintenance of exact standards is necessary 
for another reason too. Industries to-day cover a wide field of 
scientific applications, and some of them have attained a high 
degree of perfection. They have constantly to improve their 
products if they are to exist in a competitive market. As a resnlt 
thev make a constant demand on the scientists to provide them 
witn more accurate tools or standards for checking the articles they 
manufacture. • 

r. Units and Standards In making a measurement of any 

S ical quantity, some definite and convenient quantity of the same 
is^ taken as standard, in terms of which the quantity as a 
whole is expressed. This conventional quantity used as the standard 
of measurement is called a Unit. The numerical measure of a given 
quantity is the number of times the unit for it is contained in it* 
Thus, when we say that a stick is 6 feet long, what is meant is 
that a certain length, called the foot, has been taken as the unit 
for measurement and the Icngtli of the stick is 5 times of it 

Ev^ physical quantity requires a separate unit for its measure-* 
ment so the number of units we have to ^al with.ia as many as 
there are physical quantities of di^erent kioda. 
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llie actual i^^aHsatioii of a unit for any piiy^oal qaantity xeqmiiaa 
tibe estab1iabmegt> coostractiont and msdotaoiuioe under speoified 
eonditioiui a prototype of it^ called ita priiaatry iUuidard on wnid^ 
ft is baaed. The unit may be equal to, a multiple, car a aubmahiple of 
tite sinndard for mraetical reasons. The standards need not be 
aft n^ny as there are physical quantities, for aU the physical 
<(aantmes we have to deal with, are not independent qnantitiiea. 

S, FandamentcJ and Derwed Unit* >->The unit for any 
physical quantity can be derived ultimately from the units of lengthy 
m<uw and ti'fhe. Moreover, these three units are independent of 
each other. So these three units are called the fundatmntal unitSf 
and the units of all other physical quantities, which are really 
based on these three units, are termed the derived unite. ^ 

Derivation of other unite from the fundamental unite .— 

The unit of area is the area of a square each side'of which is of 
unit length ; and the unit of volume is the volume of a cube, each 
side of which is of unit length. So the unit of area, or that of volume, 
is derived from the unit of length which is a fundamental unit 

A^n, a body has unit speed when it moves ovei^ unit Jength in 
unit time. Hence the unit of speed is derived from the units of 
length and time. SimUarly, the unit of force is derived from the 
units of length, mass, and time. Thus the unite of area^ volume, 
e^pbed, force, etc. are all derived unite. Not only all other mechanical 
units, but also the units of all non-mechanical quantities, magnetic, 
electric, thermal, optical, acoustical, can, with the help of some 
additional notione, ultimately be derived from the above three 
medmnical units. This shows the true fundamental nature of these 
three units. Tbe derived units ordinarily bear simple relation to the 
three fundamental units. Regarding the 'Authority on Fundamental 
Units', refer to Art 8 (a), Addition^ Volume, of diis book. 

9, Two Important Syeteme of Fundamental Units 

(i) The C.G.S. System (Metric System) ; 

(ii) The F.P.S. Sysl^ (British System). 

In the G.61.S. system, 0 stands for Gentimetre (cm.) as the unit 
of length, 0 for Gramme (gm.) as* the unit of mass, and S for 
Second (sec.) as the unit of time. 

IniheF.P.S. system, F stands for Foot (ft.) as the unit of 
length, P for Pound Ob) as the unit of mass, and S for Second (sec.) 
as me unit of time. 

^(a). Practical units and Absolute units ;~It is often fonnd 
that some derived units are inconveniently large or inconveniently 
ftflmtll . Xxi. BUioh cases some sub-multiple (when the derived 
tmit is too lai^) or some multiple (when the derived uidt is too 
«mal% is used as a unit for the sake of oonvemence. Such upits are 
hermed Practical Units whilst those derived directly from the centi^ 
Iftittpey gram, and second (w the foot, pound, and second) are termed 
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Absolate Units, ihe system of measnretileQtB being osUed the 
ebsolate system. ^ 

10 . Standard Natation$ .**— 
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11. The Fundamental units, their Multiples and Sab- 
multiples • 

The fundamental units are those of length, mas$ and time, is. 

(A) The unit of length, (B) The unit of mass, and (C) The 
unit of time. 

(A) The Unit of Length .— 

(1) In the C.G.S. system, the unit of length is the centimetre 
(cm.) which is looth part of a standard 
length, called the International Prototype 

Metre (m).* The Prototype Metre is 

preserved at the International •Bureau 

of Weights and Measures at ^Sevres, near 
Paris. The prototype metre is*the distance 
at O^C. temperature between two parallel 

lines engraved on the central flat portion 
of a platinum-iridium bar of special sr-form 
(sross-section (Fig. 1) supported in the horizontal plane. 

*Thit is a copy of the Boeda Platinum Standard—the metre du anMv0§— 
tha original standard, which was intended to be equal to 10”'^ pz one-ten* 
miUtontbnf the distance (measured over the earth’s sumce along the mcri^an 
through Paris) from pole to equat'^r According to Clarke, the correct length 
of a qmiptant of the earth-* 1*0007 x30** metxea t the mean of the valuae obtained 
by Heln^t and the U. S. Survey for the mean polar goadeiM ii .1*00021X10^ 
mattes. The length of tha protntypa bar ai constroctad la an aimtraty atandaxd. 
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METRIC TABLE OP LENGTH . 

1 miUimetre = tdVu metre (1 mm. «=0’001 m.) 

10 millimetres *=1 centimetre (1 cm. **0‘01 m.) 

10 centimetres =1 decimetre (l dm. =01 m.) 

10 decimetres =1 metre (1 m.) 

10 metres =1 Decametre fl Dm. =10 m.) 

10 Decametres =1 Hectometre (l Hm. =100 m.) 

10 Hectometres =1 Kilometre (1 Km. =1000 m.) 

1 millimetre=01 centimetre=001 decimetre=0 001 mete 
Hence the multiples or sub-multiples of a unit in the Metric system 
can be obtained by suitably shifting the decimal (Latin, Decern=ten) 
ppint. Thus, the Metric is a decimal system. 

(2) ^ In the F.P.S. system, the unit of length is the foot which i8_ 
one-third of a standard length, called the Imperial Standard Yard. 
The Standard Yard is defined as the distance at 62‘'F. between 

the central transverse lines in 
two gold plugs in a bronze 
bar, the Imperial Standard 
Yai^ when supported on 
bronze rollers so best to 
avoid flexure of the bar 
2 (Fig, 2). The bar is of one 

inch square section and is 38 inches long, and the defining lines arc at 
the* bottom of two holes so as to be in tlie median plane in the bar. 
The standard is kept at the Standards Office of the Board of Trade, 
Old Palace Yard, London. 

British Table of Length 
1 Mil=10-® inch. 

12 inches=12"=1 foot (ft)=T. 

3 feet=l yard (yd.). 

220 yards=1 furlong. 

8 furlongs=1760 yards=1 mile. 

6 fGet=l Fathom. 

Table of*Equivalent8 

1 metre=39'37 inches. 

1 km. =0’621 mile. 

Imile =1609 km. 

1 inch =2 54 cm. 

1 foot =30’48 cm. 

Units of Length for very large Distances 
(Astronomical distances) 

1 Astronomical unit=r495xl0^ km. 

=9*289 X10miles. • 

1 Parsoo =3*083X10’® km.=r916xl0'® miles. ^ 

Light-year=Distance travelled by light in one year 

=0*31 Parseo=5*94 x 10 * * miles. 
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'Units for small lengths (Wavelength of Light, X-rays, etc.) 

1 Micron (/4)=»10"^ dm. This unit is used in the Infra-red, 

1 Millimicron (formerly fi/i, now-a-days m/*)==10"'^ cm. 

=1 Micro-millimetre. 

1 Angstrom (A) or Angstrom Unit (A. U.)—10‘® cm. 

. sa 10" *0 metre. . 


Ai^strom is also called the “tenth metr^* in America. This unit 
is‘used ordinarily in the visible region of the table of wavelei^ths. 

1 X-ray Unit (X. U.)==10'* ^ cm. This is used in the X-ray region. 
Conversion.— 

5896000 X. U.=5896 A. U.=589'6 mp. 

=s0 5896/i»0‘00005896 cm. 

(£t) The Unit of Maes. —The mass of a body is tiie quantity 
of matter in it 

(1) In the C.G.S. system, the unit of mass is the gramme (also 


written gram) wj^ich is i-A^th part of a standard mass, called the 
# IfOOU 

International Prototype Kilogramme. 

The international prototype kilogramme is the mass of a cylinder 
of platinum-iridium preserved at the International Bureau of Weights 
and Measures, Sevres near Paris. This is a copy of the orig^al 
Borda Kilogramme^ the Kilogramme dea archives. This latter was 
intended to be equal to the mass of a cubic decimetre of pure water 
at its maximum density, i.e. at about 4 C. Recent determinations 
reveal that the standard as constructed does not fulfil this definition 
exactly. 

Note that originally in the metric system there was a connection 
between the unit of mass and the unit of volume but the modem 
standard is arbitrary, though for ordinary calculation the relation is 
assumed true. For rough calculations the mass of 1 cubic centi¬ 
metre (c.c.) of water is taken equal tp 1 gram. 


METRIC 1T.ABLE OP MASS 


1 milligram 
10 milligrams 
10 centigrams 
10 decigrams 
10 grams 
10 decagrams 
10 Hectograms 


— roVo gram (1 mgm.==0’001 gm.) 
=*i centigram (1 cgm.=0 01 gm.) 
= 1 decigram (l dgm.=0T gm.) 

= 1 gram 

—1 decagram (1 Dgm.=10gm.) 
=*1 Hectograms (1 Hgm.=*100 gm.) 
Kilogram (l Kgm. *1000 gm.) 


Here, also, note that 1 milligrams01 centigram =*0*01 decigram** 
0*001 ^;ram. That is, the units are altered to multiples or sub-multiples 
by suitably moving the decimal point 
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(2) In the F.P.S. system, the fandamenW unit of nuns is the- 
Pound^ Avoirdupois. It is the mass of a standard known bs the 
Imperial Standard Pound (marked “P. S. 1844.1 lb.”) consisting of 
a platinum cylinder preserved at the Standard Office of the Board 
of Trade, Old Palace Yard, London. 

British Table of Mass 

16 Drams (dr.) =1 Ounce (oz.) 

16 Ounces =1 Pound (lb.) 

, 28 Pounds —1 Quarter (qr.) 

4 Quarters = 1 Hundred-weight (owt.) 

20 Hundred-weights =1 Ton (T.) 

1 Pound Avoirdupois (lb.) =7000 grains. 

1 Pound Troy (Jewellers’ or Apothecaries’ weight) 

’ =5760 grains. 

Conversion Table 

1 grain =64‘8 mgm. 

1 ounce =28'35 gm. t 

1 pound (Ib.) =453*6 gm.=0'4536 Kgm.^ 

1 Kgm. =2*205 lb. 

1 Ton (T.) =*20x4x28=2240 lbs. 

The Indian “tolcd* has a weight of about 12 gmms ; so %ne aeer^ 
OT BO tolas is equivalent to 960 grams, which is nearly equal to one 
Kilogram, of 1000 grams. 

(C) The Unit of Time. —The unit of time is the mean solar 
second in both the C.G.S. and F.P.S. systems. It is based on the 
mean solar day* as the standard of time. The mean solar day is 
divided into 24 hours, an hour into 60 minutes, and a minute into- 
^ seconds. Therefore the mean solar day is equal to 24 x 60 x 60* 
(=86,400) mean solar seconds. That is, a mean solar second ia 
86,400th part of the mean solar day. 

The sun appears to us to Aove across the sky because of the 
diurnal rotation of the earth about its'polar axis. The meridian at a 
place is an imaginary vertical plane through it, and so the sun is 
said to bo in meridian when it attains the highest position in 
course of its apparent journey in the sky. The interval of time 
between two successive transits of the centre of the sun’s disc across 
the meridian at any place is called a solar day. I’he length of this 
solar day varies from day to day owing to very many reasons but it 
has the same cycle of variations repeated after a solar year which is 

* Since the 1956 meeting of tlie Internationol Committee of Weithti and 
Measures, the meon nlorseemd, the fundamental unit of time has been alteied 
item being a fraction of the mean aofor day to a fraction of the year, the aiilbepted! 
standard year ^ing 1900. 
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865i days approximately. The meaa valie of the actual solar days 
averaged over a full year is called the meaa solar day. Au ordinary 
clock, watch or chronometer keeps the mean solar time, and is 
regulated against standard clocks and chronometers controlled under 
specific conditions. 

The Sidereal Day. —The interval of time between two successive 
passages of any fixed star across die meridian at any place is a cons¬ 
tant time and is known as a sidereal day It is shorter than the 
mean solar day by about 4 mean solar minutes. The mean solar 

second is actually,,,,-A.,of a sidereal day. 

60,16410 

12. M. K. S. Unite : —^In this system, die units for length, mass, 
'and time are the metre, kilogram, and second, respectively. 

13. Advahtagee of the Metric {C.G.S.) System (1) Each 
unit is exactly ten times the next smaller unit Hence the reduction 
from one unit to another is effected simply by a proper shift of the 
decimal point. Thus 1‘234 metreb=*123'4 cm.=l,234 mm 

But, ip the British system, cumbersome multiplications and divi¬ 
sions are necessary in reducing one unit to another, e.g. from feet to 
inches, ounces to pounds, etc. 

(2) The units of length, volume, and mass are conveniently related. 
Thus, knowing that the mass of one cubic centimetre of water at 4'’C. 
is one gram, we can write down at once the volume of any amount of 
water in cubic centimetres, if we know its mass in grams, and vice 
versa. 

For example, the mass of 10 litres or 10,000 cubic centimetres of 
water—10,000 grams ; and the volume of 10,000 grams of water= 
10,000 cubic cetimetres (or 10 litres). In the British (EJP.S.) 
system inconvenient constants have to be remembered, mx. the mass 
of 1 cubic foot of water—62*5 pounds,! quart=69*278 cubic inches,, 
etc. 

(3) This system has been adopted in all countries by scientific 

men. • 

14* Dimensions of Derived Units ;—The relation of the unit 
of any physical quantity to the fundamental units (length, mass, and 
time) of any absolute system of measurement is indicated by what 
are known as the dimensions of the unit concerned. The dimensions 
do not represent any exact amount but only show the naiuie of the 
relationship. 

A numerical quantity has no dimensions, for it is unrelated to 
the fundamental units. Because breadth or height is a length only, 
they have the dimension of length. A special kind of symbol is 
used i(f indicate the dimension of any physical quantity. Symboli¬ 
cally, the notation [ ••* ] stands for the unit of a physical quantity, 
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and the physical quantities,'length, mass, and time are i^epresented by 
their initial letters, L, M, and T. If, suppose, V represents the numerical 
value of a volume, the unit volume will be indicated bv [V]. The dimen¬ 
sions of volume wiU, therefore, be given by [ L^. M®. ], or simply 

[ L’ ], for a unit volume is [ unit length x unit breadth X unit height J 
or [L X L X L] or [L*]. Thus volume is said to have three dimensions 
in respect of length, and is independent of the units of mass and 
time. Similarly, as speed (r) is distance divided by time, the dimen¬ 
sions of speed will bo given by j or j^LT'^j. Equations, such 

[V]=“[L®M°T®], or [ V ]=[ LT"^ j, are called dimensional equa¬ 
tions, for they tell us the relation between the derived unit, (volume, 
speed, etc>) and the fundamental units, length, mass, and time of any 
system of measurement. These dimensional equations eure of two-fold ~ 
use to us: 

(a) They provide us with means by which we can convert any 
physical quantity expressed in the units of one absolute system into 
those of any other absolute system. 

(i») They afford us a means of testing the accuracy of th^ line of 
reasoning we use in arriving at an equation connecting different 
physical quantities. An equation, showing the connection between 
different physical quantities, is correct when the dimensions on either 
side, of the equation are the same. 

Some Dimensions :— 


rAccelcrationl==k®-^-d=-yis*a*^c®L = L^l *::rLT“®l 
lAcceleratm J [time x time] [T®] 

[Frequency] as number has no dimensions. 

[Co-efficient of Linear Expansion] 

[Change m leng^ 


[Original length X change of temperature] 


[L] 


[L] X [degrees] 


-i==[degree“’]. 


_ [u nit of heat]^ [L] 
[L®] X [degree] X [T] 


“[unit of heat] X [L”^] x[T“*] X [ degree"^ ]. 

IS. General Maxim of Physical Scimces :—^The physical 
sciences are generally also referred to as experimental sciences for the 
conclusions arrived at by mathematical or mental reasoning in 
these sciences require to be verified experimentally fot their 
final adoption. In such cases deductions precede experimentation. 
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ExperimentSt in> the past, oftentimes led to discoveries explained by 
reasoning afterwards. In our physical sciences instances of the latter 
process are, however, far more numerous than those of the former, 
^y way, experiments are the very basis of our physical sciences. An 
experimmt is an act of studying a number of conditions that seem to 
govern or produce a result or event It is preceded by some theorising, 
studied by records of observations and concluded by some inference. 
But the foundation of all our experimental investigations is the 
universal maxim: the same cause mil at ways produce the same effect 
The meaning of it is that if a certain event takes place under a ^yen 
set of conditions, then if at any time exactly the same conditions 
arise, an identical event must result. As a corollary, if one or more 
^ the conditions remain inoperative, the result will differ. The object 
of our experiments is often to know how the results differ under 
different sets of conditions. 

Examplei 1. The height o{ the Everest ii 29,002 ft. What is it in 
kilometres 7 

An$r. 29,002 ft.=: ^‘^XieogKm. 

• 3x1760 

-6'637 Km. 

.*. The height of the Everest is d'837 Km, 

2. The mass of the san is 1972X10** gm. What is its mass in tons ? 

Am.: 1972Xl0®*gm.=1972Xl0*^Kgm. , 

=1972X10*^x2205 lbs. 

„19 72xl08ix2-205^„„. 

2240 

=1*941x10** tons. 

The mass of the sun is 1*941 X10** tons. 


Questions 

1. Name the systems of units commonly used for the measurement of 
physical quantities. Which of them is more scientific, and why 7 

Explain, with examples, what you mtan bf Fundamental Units, Derived 
Units, and Practical Units as distinct^rom Absolute Units ? (Pat. 1933) 

2. Name the prefixes employed with metric units and show how much 
they increase or decrease the value of the units. What are the advantages of 
the metric system 7 

3. What do you mean by an apparnU iciar day and a mean solar sseoNd t 



CHAPTEE n 
MEASUREMENTS 

1$, Meamrement of Length The type cJf work and the- 
accuracy necessary in it decide which appliances arc to be used for 
ih.e measurement of a length. The different types of appliances in 
use are, therefore, described below according to their suitability for 
partioulOT work, namely {n) Field workf(b) Workshop pf acHce^ Mid 
(c) Lal^oraiory work. There can, however, be no restriction on any 
of these appliances being used, according to necessity, for a type of 
work other than that under which it is placed below. 

1 7. Different Types of Appliances for Measurement of 
Length 

(a) Field Work —In field work, such as survey work, etc. 
long distances, sometime along curved routes, are to be measured. 
For such work, the chain and the tape are generally used. 

(i) The Chain. —^Ordinarily it is of two kinds, either the 

Gunter Chain (which is 66 
ft in length), or the 100 ft. 
chain. Metre chains are also 
used in many countries. All 
chains are divided into 100 
equal links so that each Gunter 
link is 0*66 ft. long, is. 7*92 
inches, and each link of the 
100 ft. chain is 1 foot. The 
^making uj^ or folding of 
the chain, if done properly, 
gives the chain, when not in 
use, a neat appearance as 
shown in Fig. 8. Moreover, 
proper making up is necessary, 
Fig 3—Cham and Pins. foj. otherwise there may be 

bending of the links. In order to mark the end of a chain length 
an arrow or pin is used. It 
is a stout wire pointed at 
one end for sticking into the 
ground and formed into a 
loop at the other. The total 
length of a pin is about 14". 

A bunch of them is also 
shown in Fig. 3, right. 

The chain is made of 
thick iron or steel wire. It 
consists of links connected 
to each other. Each link has 
three small oval rings. The 
centre of the middle ring is 3(o)-—A Lmk. 

the eod of the li^ as rfiown in Fig. 3ia), The ends of the chaia 
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are formed widb brass handles which are oonneoted to the wire Hoks 

Swivel joints. The first link is measured from the back of the 
ii^dle as shown by the pin in Fig. 3(a). As all links in the chain look 
alike, tiiey are marked at each t^nih link with a brass ti^. 

In measuring a length, the chain is placed along the route avoid¬ 
ing sag. The entire distance is measured chain after chain. 

(if) The Tape,-- Limn tapes are also used in taking measure¬ 
ments of main lims but usually they are used for t^ing measure¬ 
ments from the chain line in any given 
direction, usually at right angles to it 
liinon tapes are ordinarily made in 60 
ftf 66 ft. and 100 ft. len^s. They are 
marked in feet and inches on one side 
and the 66 feet tape has also 100 parts 
marked on the reverse side. Steel 
tapes arc also made in those sizes. 

Generally their graduations are correct 
at 62'’F. Theyi, are often used for 
checking &p the accuracy of linen tapes. 

Usually they are neatly rolled upon a 
spindle inside a fiat-shaped circular ^‘8- Tape, 

leather box. The zero-end of the tape projects through an aperture 
in the side (Fig. 4) of the box and has a brass link attached which 
is too large to slip through the aperture. Any length of the tape 
is drawn out of the box, when necessary, by pulling at this link. 

Comparison of Chain Lengths 

1 Gunter chain *=66 feet=22 yards=100 links 

1 Gunter link =7*92 inches, 

10 Gunter chains =220 yards. 

80 Gunter chains =1 mile. 

From the above table it is clear that the lengths of athletic iraehs^ 
namely 220 yds. run, 440 yds, run, 880 yds. run, and the mile 
run, can be conveniently measured by the Gunter chain, being 
10,20, 40 and 80 chains respectively* 

(iff) The Beean Compose .—^In survey work, it frequently 
• happens that a length to be represented on the map aocor^ng to a 
.given scale is too large to be dealt with an ordinary divider or a pair 
of compasses. 

In such cases a beam compass (Fig. 6) is used. Here the length 
of the heam between the ends of the compasses can be adjusted 
and mjide as great as required. Either the pen (or pencil) end A, or 
the pointed end B, can be clamped anywhere on the beam and while 
•one is, left clamped, the other, kept slack, can be made to 
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slip easily along the beam to set it for a definite length. Some com¬ 
passes are provided 
with a slow-motion 
screw to enable the 
pencil-piece, when 
clamped roughly to 
the correct length, to 
be moved a little this 
side or that side until 
the exact correct 
length is arrived at. 

(b) Workshop 
Practice .—^The or- 
Fig. 5— Beam Compass. dinary workers int 

workshops require handy instruments which may ,be used by them 
readily without the necessity of arithmetical calcuhitions. For length 
measurements, simple callipers and gauges have proved to be suitable 

(t) The Simple Callipers .—Such an appliance consists of two- 
similar pieces of metals hinged together at one end and suitably 
curved at the other end. Fig. 6(n) shows one such ihstrunient com¬ 
monly used for the measurement of external diameters, and Fig. 



depicts another such instrument used for internal diameters, while 
Fig. 6,(e) represents a combined instrument, the upper part 
being used for external diameters and the lower part of internal 
diametera. 

The method of use is to strecth out the free ends till their distance 
apart equals the length under measurement, whether the length is 
an external diameter, or internal diameter, or the length of any 
piece. Then this measure taken by the callipers is referred to some 
standard gauge for comparison. For turning and boring work in 
workshops, the standards of reference formerly consisted solely 
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of the cylindrical External and Internal tvauges, one pair of which 
is shown in Fig. 7. 



Fig. 7—Internal and External Gauges. 


These gauges are manufactured true to , *... inch. The workman 

10,000 

sets his callipers to the standard gauge by his sense of touch and then 
transfers it to the job for comparison and makes the finish accord¬ 
ingly. The accuracy of the finished job depends- on the skill and 
experience of the workman. 

(li) • Limit Gauges —^Interchangeable machine parts aro^the 
growing demands of to-day. Such parts require to be machined to a 



Fig. 7(a)—Internal Limit Gauge. 

definite degree of accuracy. To attain this accuracy limit gauges 
are used as standards of reference in 
modem practice. Fig. 7(a) shows an 
internal limit gauge. One end of it is 
slightly smaller than the other, the differ¬ 
ence in the diameters being deci()ed upon 
by l^e accuracy to which is intended 
to work. The principle ’ is that the 
smaller end must go in while the larger 
end must not, if an internal diameter 
its proper value. The external 
gauge [Fig. 1(b)] is also similarly used 
for turning cylindrical pieces. 

(c) Laboratory Work — 

(i) An ordinary Scale .—^For ordinary 
mcasuf ementa of lengths in the laboratory 
where a measurement correct npto a millimetre, or one eighth, 
or one sixteenth of an inch is sufficient, an ordinary straight 
scale is directly used. Such a scale ia usually OAde of box-wood 



Fig. 7(5)—External 
Limit Gauge, 
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6e *cnae edge geu^ially graduated in mete {md in 

omtimetreB (Fig. An inch is again ordinarily subdivided into 
8 or 16, or 10 equal parts and a centimetre into tenths, into ten 
parts, each being a millimetre. 
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Fif. 8—An Ordinary Scale. 

The ends of the scale should not be used in measuring a length, 
for they are liable to wear out with use. In making a measurement, 
the scale is to be placed alongside the length under measurement, 
one of ^e graduations of t!ie scale being made to coincide with one 
end of it and the length is then to be read off from the graduation 
of'the scale coinciding with the other end. If this end does not 
correspond to any mark of the scale exactly, the fraction of a scale 
division is ascertained by ey^-estimation. 

Steel scales are usually one foot long while a metric scale is a 

metre scale or a half-metre scale. 

Diagonal Scales and Vernier ^Scales .—^The accuracy of a reading 
is liable to vary from person to person if eye-estimation is used to 
read the fraction of a division. Again, in eye-estimating the fraction 
of a subdivision, a quantity less than half or one quarter of one subdi¬ 
vision is difficult to be ascertained without unduly straining the eye. 
Yet in our physical measurements such fractions often require to be 
determined accurately. Two devices have been made available to 
us for such measurements without subdividing the small divisions of 
a scale further ; one is the Diagonal ^Scale and the other a Vernier 
Scale. By them the measurement of the fractional part of a subdivi¬ 
sion is mechanically made at a fixed accuracy. 

•■'(«) Diagonal Seale. —^The.•advantage of this scale (Fig. 9) 
is-that if the smallest division marked on the scale reads up to, say, 
^th unit, it is possible with the help of dividers to read dimensions 
up to unit without further subdividing the smallest units. The 
arrangement is as follows : One extra unit length is extended to 
the aud is divided into 10 equal parts at the top edge and also 
at the bottom edge. If the smallest subdivision of we scale is 
(TX unit, to read O'M unit with this scale, the zero mark of the^exfara 
ixolt length is joined by au obHqiie Hue to the 1 mark oi. the top-edge 
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and the 1 mark* of the bottom-edge to the 2 mark of the ^p-edge 
go on successively. ‘Xhe width of the scale is divided into ten 
equal spac^ by lines drawn horizontally j these parallel lines are cut 


< 



Fig. 9—Diagonal Scale. 


perpendicularly by the lines of unit divisions such as I", 2etc. 
The princigle of measurement is as follows— 

Consider the aOBA The distance Oaisi^o of OB. As 0^ 
and OB are straight lines, the distan^ OB must equal * of BA, 
from the property of a triangle. But BA is 01 and ^erefore OB is 
-OOl The lengths on the scale arc read off by figures on the 
bottom horizontal line and hundredHis by tlie figures on the jerUoai 
line at the left-end of the scale. For example, any leugih like 
. 1*04" will be obtained by putting the point of one limb ot a 
pair of dividers at the intersection of the verti^l through the mark 1 

with the foiirth parallel (shown by the point F) and the point of the 

other limb at the inti'rsection of the 4th paralld wi^ the zero 
diagonal, t.e., the diagonal OA (shown by the point G). Similarly, a 
leS 2 * 46 " will be obtained by putting tlie points of the two limbs 
of me divider at H and J. 

Note —As already pointed out. By making the ratio as 

small as wc like, we can make CD any small portion of BA. 

rni) The VdrmV.—This device carries the name of its inven¬ 
tors Berre Vernier, a Belgian Mathematician. It is a short scale by 
th?h5p of which the fractional part of a mam 8<^le division can U 
detSied mechanically at a feed accuracy. This aimli^ ^ort 
scale m placed in contact alongside the mam scale and can be elided 

along it * 

VerfUeri may be straight or angular as desired and the method 
•ofthehr use it the same^ 

2 
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£% 10 Miowf ft fltrft^^t $eftfe the upiMr e^ of qnrhieh isgift^hui6e4 
in zftiUitaeireB mi is provideil with a ending aoxilunr ecsle 

.. senting a ati^h* vehuer, 

JSJSSS^ - ^ . Readings upto one-tenth 

n iT piir Wfpffr n rr pn TnTjrnT imp m Trrf ^ i ni rm ^ 

I——J ‘“T this vernier. The lower 

. . . . t " . . .L edge is divided in inches 

l■l■^..U.^ j1i,I,j..I 1.1 I I 5 s?**, 

I ' ' ' I ' ' M niches divided again into B equal 
V^rn/er parts. A straight Vernier 

Fij. 10—SttMfht Vernier. ^pj>Q 

taken with help of this vernier. 

Fig. 11 shows an angular scale with an angular vernier sliding 
along it, as is found in a spectrometer, sextant, etc. The main s(^le 

liain seat&(deg^0 



Fig. 11—Angular Vernier. 

Is graduated in degrees and each degree is ^ain sub-divided into 
2 parts. Here the vernier has 30 divisions, and they coincide with 
20 divisions of the main angi^ scale. Readings upto 1 minute 
Stay be taken with the help of inis vernier. 

tScfiira/ rheo^.—'The vernier is so divided that a certam 
number n of its divisions is equal to («-l) or (n+1) principal eealo 
divisions. < 

2 ftBsyalue of (me vernier division, a=value of one scale division^ 

w?l * 

we have, (« ?!).«*= » or »=«-—.« 

fi 

The least count = Diff. of sdbv- Ijn x s. 

So the vernier is said to read Vnth of a scale divisloau 
N.B. Ihe least eouH/t (or vernier Constant) of a stni%ht 
veimier is expressed as a decimal millimetre or centimetre but the 
vernier constant cd an an&ular vernier is expressed in mmaks at 
seconds and not in decimiUB. 

Houf to uee a Vernier *— 

Vernier Type (2 )—Find the value in feio^ons^ of an 
l0ch» or centime^ or degree in case it is an angular vmiieri of tke 
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dim$ion pftke principal scale. Let it be 1 mm^ i^e. 01 om. 
in fig. 12 (Type 1). 

(tt) Count the number of ditieions on the verm^, and slide the 
vernier to one end (i.e. to the zero position) of the main scale in order 
to find the nmnber of scide divisione to Which these are la 

Hg. 12 (Type 1), 10 vernier divisions =* 9 scale divisions. 

(tit) CJalculate the difiPerence in length between one scale division 
and one vernier division. This is the smallest amount—•called the 
least count (or vernier constant)—whidi can be read with the help 
of the instrament 

t Hete, 10 vetnier divi8iona«9 scale divisions. 

i vetnier division m scale division. 

.*. Least countssl sc. div.—1 vet. div. 

** 1 ^*®* 

sas^X cm,( V 1 sc. div.=l mm. J =0*01 cm. 

(tt?) Now put the object (AB) to be measured on the scale, one of 
its ends (il) being at zero. The vernier then is pushed along the scale 
until its zero just touches the opposite end B of tiie object. Read the 
principal scale just before the zero of the vernier. It is 6 in Fig. 12 
Type 1). Then the length of the object AB is greater than O'b cm. 
but less than 07 cm.) by the distance between the 6th division of the 
principal scale and the vernier zero. To get this length, 

(i>) Look along the vernier to see which of its divisions coincides 
witib a scale division. The 2nd vernier division coincides witii a 
scale division. Multtply this number by the least count and add this 
ia the reading obtained from the principal scale. This is called a 
forward reading (or positive) v^nier or an ordinary vernier and 
is the most common form of vemigr. 

a 

The value of the fraction of the scale division between the 6tbi 
and the verhier zero—(2 x 0*01) cm,—0’02 cm, 

.’. The length of the object=0*6cm.» 0*62 cm. 

Veiiftr thtt*— 

The length of the object AB (Fig. 12)^ sc. divs.—2 vet. divs.vS ilnm.— 

^2x smdivs. (fot 1 vet. div.*».-^sc. div.) = 8mm -|nua.«^mitt.«0‘62 cm. 

Varniar Type Type 1, a vernier division is smaller 

tiam a scale division, but sonaetimes, Ifeough very rwS^. the vernier 
division may bo larger than die scale divhnon such thatfn4*l).S'vnVi 
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Iti tite second form (Fig. 12, 'iType 2) we have 10 ver. divs.'=*llsc. 
divs. 

' 1 ver. div. “I'Ar sc. div. 

/. Least Count—1 ver. div,—1 sc.div.“iV8c. div.=*0*1 mm.=*0’01cm, 

A vernier division, in this case, is of a scale division, •while the 
numbering of the vernier diviHons rwns opposite to the main scale. 

, In measuring a length AC, one end A is put at the seroofthe 
scale as in the case of the ordinary vernier, and to the other end 
C, &e tero of the vernier is brought. To know tihe fraction of the 
scale division, by which the xero of the vernier is ahead of the 261ii 
mark of the scale, the point of coincidence of any nmk of the vernier 
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Fig. 12—A combined positive and negative Vernier. 


with a mark of the scale is noted and in the figure this point of 
coincidence is the 4th mark of the vernier. The 3rd mark of the 
vernier thus is ahead of the proceeding mark of the scale by O’l nnit 
and die 2nd by 0'2 unit, and so on till the zero mark of the vernier 
is reached which must be ahead of the 2fith mark of the scale by 0'4 
unit. This is the fraction wanted. So the total length AC is 
26*4 mm.=2*64 cm. < 

ft 

N.B. What is to be remembered here is that.the numbering in 
this second type of vernier must ran in a direction opposite to the 
run of the main scale, for if it did otherwise, i.e. had the zero of the 
vernier been on the same side as the zero of the main scale, the 
unknown fraction of distance between its zero mark in this condition 
and the preceding mark of the main scale would have gone on 
increasing by a length equal to the least count at the end of each 
progressive division of the vernier on account of a division of the 
vernier being greater than a main scale division * 

'V'erniers of type 2 are called Backward Reading or I^egative 
^cr^rniers or Barometric verniers. When they had been invented, 
,#iey were first fitted to' scales ateihed to barometers and this is why 
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they are often referred to as barometric verniers. Such verniers are 
now-a-days very seldon>uacd. 

It will be clear from Fig. 12 (Typo 2) that an ordinary vernier 
would have been useless if used to measure a long length like 40, for 
a greater part of the vernier in that case would have gone outside the 
main scale. Thm^ lengths long enough to run up to the end of a given 
scale cannot be measured with an ordinary vernier. While short 
lengths like AB cannot be measured with a backward-reading vernier, 
for the vernier will, in that case, go out of the zero of the main scale 
and become useless. The backward-reading vernier was fitted to 
barometers, for it could work upto the very end of the main scale. 

Note —All verniers are not exactly the same as the one described, 
but by adopting the same rules, as given above, any vernier can be 
read. 

18. Measurement of Small Lengths In the laboratory the 
following three instruments, namely (o) Slide Callipers, (/>) Screw- 
gauge, and (c) Spherometer, are commonly used for measuring the 
fractional part of a main scale division in measurements of small 
lengths. They have their own fields of application depending on the 
suitability of the instrument and the convenience of measurement. 

• 

Co) The Slide Cedlipers .—The principle of the vernier is applied 
to a number of instruments of which the simplest is the slide callipers. 
Pig. 13 shows the arrangements of the appliance. The main scale 
has been drawn on a steel frame R at right angles to which there are 



Fji. 13—Slide Calhpexs. 

two steel jaws one of which AA\ is fixed at one end. The other BBi 
is provided with a vernier V and a fixing nut D and is slided along 
the main scale in making a measurement. 

The^ measurements are in inches when the scale in the upper 
edge is^ used and are in centimetres with tiiat iu the lower edge. 
The object under measurement is put between the jaws (lower jaws 
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4 

l6r eastern^ diameters or leng&s, and upper kws for^ iwhmai^ 
diameters or leng^ of small gaps) and sHoing jaw is adjosted 
till tiie material is held between them with the minimum pressure ; 
in this position the sliding jaw is fixed up by the fixing nut D, 
The position of the zero of die vernier is then found with help 
of the main scale and the vernier as usual. 

c 

Instrumental Error.—ITAen Jaw9 are in eontaet, the zero of the 

vernier should coincide with the z^ro of the main scale. The error that 
arises, if the^t do not coincide, is called the zero-error or tfsaCnsmentol error. 
This error, therefore, will be equal to the distance of the zero of the vernier 
from the zero of the mam scale. It is regarded as negative if the zero 
of the vernier is un the left of the zero of the mam scale, i,e. towards the 
fiaed jaw^ AA^, when the two jawe are Juet in touch and the correction is 
positive, fe. It IS to be added to the observed reading ; if the zero of the vernier 
IB On the right of the zero of the main scale, the error is poeitive and the correc¬ 
tion 18 negative, s.«. it is to be subtracted from the observed reading, Hence the 
correct length a observed length d;instramental error. 

Screof and Nat principle .—^Tbe principle is that when a 
screw works in a fixed nut perfectly, the linear distance through 
which the point of the screw moves is directly proportional to the 
rotation ^ven to the screw-head. In other words, the linear distance 
travelled through by the point of the screw for one complete rotation, 

i.e. through 360’, is always constant. 
This constant is called the pitch of the 
screw which is evidently the distance 
between corresponding points on two 
consecutive turns of the thread as shown 
by p in Fig. 14. 

The principle of the scerw and nut is 
applied to some common laboratory applian¬ 
ces like the screw-gauge, the spherometer, 
etc. The pitch of the screw in these ins¬ 
truments is usually 1 mm. or ^ mm. 

Micrometer Screw. —A micrometer screw is a common labora¬ 
tory appliance nsed for the detennioation of small lengths at a fixed 
accuracy. The arrangement in it is simple. There is a circular scale, 
called the micrometer-head, of large diameter, fitted to the screw 
and also a linear scale arranged parallel to the axis of the screw. The 
linear scale is ordinarily graduated in millimetres and the oirculw 
scale is divided into 100 or 50 equal divisions. 

lamst Count.—If the circular scale on the sezewhead is divided into n 

divisions, and the pitch of the screw is p, then the distance ^ travelled hy the 

n 

•ctew-point for a rotation of the screw-head through one circular division is the 
asnallest length that can be detenmned accurately and is called the least count 
M the instrument. 



Fig. 14-]» shows the 
pitch of the screw. 



Badc-Luh £rroc*—Tbif ii on error A hicb U aMocieted, most m leaf, 
with all inttrupianta working on the screw and nut principle. And instruBifista, 
pcricec when new, may aevelop tbie err(» with use due to wear aad 
tear. Due to looseness-hetween the screw and the nut, equal amount of rotation 
of the screw-head in opposite directions may be found to produce unequal 
linear motions of the point of the screw. Error due to this uncertainty is called 
taek-h*h error. This error may be avoided, if the screw is turned always 
'in the same direction, when an adjustmept is made while takipg a 
measurement 


CbJ The Screw-Gauge .—^The screw-jgaugo (also called the 
Micrometer Screw-Gauge) is used for measuring accurately i^e dimen¬ 
sions of small objects, such as the diameter of a wire, the thickness of 
f 11 metal plate, etc. It consists of a fixed rod A (Fig. 15)having'aplane 
end aud a movable rod B having also a plane end facing A. The rod 
B has a screw cut tm it and the screw works inside a hollow cylinder, 
oalled the hub having a straight scale L (linear scale) etched on 
it along a reference line R, This scale is used to indicate the num¬ 
ber of complete turns of the screw. The rod A and ^e hub are fim^ 
held co-axially at ^he two ends of a strong metal bar bent in the 17- 
form. The ^crew is worked by means of a large milled screw-bead H 
which moves over the outside of the hub. Any fine adjustment of the 
screw-head is made by turning a head, called the friction dutch 
<not shown in the figure) witii which all modern instruments are fitted. 
It should be turned with gentle uniform pressure. On being rotated, 
it automatically slips as soon as A and B touch each other. The level- 



Fig, 15—A Sc»w-Gaug«. 


ied edge of the screw-head has etched on it a circular scale G, lalled 
the head'Scale which is divided into a number of equal parte, usually 
60 or 100, and is used for the determination of the fraction pf one 
complete rotation. One complete turn of the head-scale moves wie end 
of the scr6w through a distance equal to its pitch, which la the dis¬ 
tance p between the consecutive threads of the screw (Fig. 14). So 
pitch u the ammnt hy which the gap hetfoeen A and B (Fig. 15) 
ic opeMd or dosed by one complete rotation of ike heaihaoaie. 
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How to use a Screiv-Gauge,— • 

(t) Turn the head in order to expose the pitch-scale. Mnd ths 
value of the smallest division of the pitch {linear) scale. To do this 
compare by dividers the length of, say, 10 divisions of the pitch-scale 
with the subdivisions of a standard scale. 

(ft) Determine the pitch of the screw. To do this, bring the 
zero mark of the head-scale into coincidence with a line of gradua¬ 
tion of the pitch-scale. Now read the position of the graduated edge 
of the head-scale on the pitch-scale, and also read the position after 
giving the head one complete him. The difference in the two readings 
of ^e pitch-scale is the pitch of the screw. 

(iw) Count the number of divisions of the head-scale. If there 
are, say, 50 divisions, the screw makes ifeth of a turn when a mark on 
the he^-scale goes out of coincidence and the next'comes into coin¬ 
cidence with the line of graduation. So the gap widens or narrows 
by B^jth of the pitch of the screw for a rotation of the head-scale 
through one division. This quantity —which is obtained by dividing 
ffie pitch by the number of divisions of the head-scale— the least 
count or the smallest recuiing measured by the instrument. 

{iv) Determine the zero error. The screw is turned until the gap 
between A and B is Just closed. Now the zero mark of the head-scale < 
should coincide with the zero mark of the pitch-scale. If they do not 
coincide, there is an error in the instrument known as the zero error. 
The value of it is obtained by observing what mark of the head-scale 
coincides with the line (i?) of graduation when the gap is closed. The 
zero error is added to the readings of the instrument if the ^p is 
slightiiy open, when the zero mark of the head-scale coincides with the 
zero on the linear scale, and subtracted if the gap is closed before 
the coincidence takes place. 

{v) Now place the wire, or any other smaE object, in the gap 
between A and B and turn the screw-head until it is just gripped 
between the jaws. Read the last visible division of the pitch-scale 
and that of the head-scale, whicn is just over 5, the line of gradua¬ 
tion of pitch-scale. To this apply the zero eiror, if .any, which 
may be added or subtracted as tbo case may be. 

N. B. Care must be taken not to hasten the movement of the 
screw, nor to screw up too tightly. 

Cc) The Spherometer .—The spherometer is constructed on the 
same principle as the screw-gauge. It is generally used for determining 
the radius of curvature of spherical surfaces (hence the name) such as 
Idiose of lenses, and also for measuring the thickness of plates, etc. 

This instrument (Fig. 16) rests on three fixed legs whicji are at 

same distance from one anolher, ije. their ends B and C occupy 
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corners of An equilateral triangle. The 
in which works a •micrometer screw 
having a pointed end 0 which is equi¬ 
distant from the three fixed legs. The 
screw terminates at the top in a milled 
head and a large circular disc D, the 
edge of which is divided into 50, or 100 
equal parts. A vertical scale 8 usually 
divided in millimetres, and having its 
divisions close to the edge of the disc 
is fixed at one end of the framework. 

How to ate a Sphorometer — 

{t) Examine the vertical scale 8y and 
find the valm gf the smallest division of 
it. To do this, compare by a divider the 
length of, say, 10 divisions of this scale 
witli the subdivisions of a standard scale. 


legs support a framework 



Fig. 16—A Spherometer. 


(ii) Determine the pitch of the strew. Bring the zero mark of 
the disc *D on the edge of the vertical scale 8. Read the position of 
the discos edge on the vertical scale S, and then rotate the disc through 
a number of complete turns by means of the milled head JIf, and again 
read the position on 8. The pitch of the screw is given by the differ¬ 
ence in the two readings of the vertical scale divided by the nomber 
of turns. If by giving, say, 2 complete turns of the disc the difference 
in the vertical sc^e readings is 1 mm., then the pitch of the screw 
is i mm. 


(tw) Count the number of divisions, say 100, on the disc D. Then 
the disc is turned ; each division of its scale, as it passes the vertical 
scale Si shows ^at the screw has made xioth of one turn, and that 
point of the screw has travelled throu^ xioth of its pitch, which 
is ^mm. This quantity mm. is the least count of the 

instrument^ i e. it is the smallest amount by which the advanc6,of 
the screw point can be measured. • 

(tv) Determine the zero error. Place the spherometer on a truly 
horizontal surface, say the surface of a polished glass plate, called 
the base plate ; and turn the screw down until its point-0 just touches 
the surface. The exact position can be determined by turning the 
screw steadily and carefully until there is a slight jerk at contact. If 
the screw-point projects forward a little too far, the whole instru¬ 
ment rotates on the screw as a pivot, but will no longer do so if the 
screw is raised even slightly. (Chis is probably the best test to decide 
if the screw has just made contact) 

Tb® four feet of the spherometer are now in one plane. If in the 
above adjustment the zero (0) of the disc D is against the (0) of the 
vertical scale 8t the instrument has no zero errcTf But if this is not 



iKXEmaseiuiK nmxos 


tin eas^ md tke aumh^ of divisions between ibe zefo of tbe diso* 
scale and tbe edge of which is the sserd erron. Refteat the observa¬ 
tion several times and take the mean of the readings as the zero error. 
This qmniity mw^t be mbtracied algebraically from all readings 
tahm with the irtsiriment 

Note*—^If the zero of the disc-scale is above the zero of the 
vertical scale, the difference of the positions of these two zero marks 
—^whioh is the zero error—is taken as positive, and the quantity 
is to be subtr(feted from the total reading. If the zero of the disc-scale 
is below the zero of the vertical scale, the zero error is negative, 
and it should be added to tlie total reading 

For example, let the error be 3 divisions of the disc^scalc behind 
its zero, is. below the zero of the vertical scale, tiiieu the value of 
the zero error is - (3 x 0'005)= — 0 015 mm. (taking 0 005 ram. as the 
least count). If rmw the reading taken with the instrument be, say, 
1’27 mm., the corrected reading will be jl’270 015)1 —1'285 mm. 
Had the error been 3 divisions of 7) above iho zero of the vertical 
scale, the value of the zero error would have bcen+0'015 mm., and in 
that case the corrected reading would have been Ui67“(+0'016)^ 
«1*255 mm, 

(J) To Meemure the Thicknese of a Plate of Glass {by 
Sp^ometer) .— 

(•} Pitch-Scale Method .—^First determine the zero error of tiie 
spherometer placing it on a base plate. Now raise the screw and place 
the ti^t plate on the base plate underneath the screw point, and then 
take the readings of the vertical scale S, and the disc D, when the 
screw point just touches the top of the plate, while the other three feet 
of the instrument still sbmd on the base plate. Repeat the observation 
sevcMil times at different places on the surface of the test plate and 
the mean reading. The difference between this and the zero 
•error gives the average thickness of the plate. 

(b) Rotation Method .—^It is found with most of the sphero- 
meters that two complete turns of ^e disc are necessary to move the 
screw-point through one division oi th§ vertical scale. 

At the time of taking any reading with such an instrument it is 
‘Often found difficult to judge whether the reading indicated on the 
disc-scale is a fraction of the first or the second revolution after 
passing the last division of the vertical scale. For this, and also to 
avoid the zero error, it is convenient not to take any acconnt 
-of the vertical scale reading. Instead of this, the movement of the 
Screw-point should be stated in terms of the rotation of the circular 
divisions only. That is, placing the test plate on a base plate, 

first note which division of the circular scale is agaidst the 
* odfe of the vertical scale when the screw-point touches the top of 
test plate while the outer three lep of the spherometer stand on 
m top of the base pkte and then, on removing the test plate, 



f cpuiit flom tiiiS) iixe whole and fractional toma of the csineolaf 
scale until the screw-p^int ai^in just touches the base plate. 1% for 
example, 2 whole tarns and 56 small divisions of the third tom are 
necessary for this adjustment* the thickness of the plate=2 whpk 
turns +66 == 256 divisions=266 X 0*006 mm. ('.* 0*006 mm. is tiie least 
count)—1*28 mm. 


{2) To Meature the RtidittB of Curvature of a Spherical 
Surface (by Spherometer ):— 

Pitch Scale Method,—(i ) Place the 
spherometer with the fixed legs resting on the 
curved surface, and adjust the screw until 
"its point just touches the surface. Read the 
scales. Repeat the observation several times 
placing the instrument in different positions 
of the curved surface. Calculate the mean 
of the readings. 

(/f) Place the instrument on a plane glass 
plate and ad just the screw until its point touches 
the surface. Read the scale. Repeat it several 
times, and take the mean reading. 

{iv) Find the difference h between the two 
mean readings. This gives the vertical distance 
traversed by the screw-point. 

(th) Measure the distance d between any 
two of the three legs. To do this, place the 
instrument on a piece of paper and press gently 
so as to mark the positions of the three legs D, F (Fig. 17). 

Now measure carefully the mean distance d bettvicn these marks. 
Then the radius of curvature R is given by, 

R=^+'^ 

€h 2’ 



Note.—(1) As d enters-w a square ^n the result, the meuurement of A 
should be made very carefully, othei;a^se, any small error in this measurement 
will be magnified in the final result. 

(2) Donot/orgef taet^esM&otftdafidbiyiflisaamsMyiif. 

(3) Here also the rofofton mst&od of measurement, as described above 
faeep. 26], may be applied. That is. calculate the value of It from the read¬ 
ings of the ofroulof seals only without taking any account rd ^ vertical 
aci^ 

(4) When using a spherometer, it should be noted whether there is any 
slackness between the nut and the screw, because any such sladcness will 
permit of appreciable rotation of the disc without producing any corres¬ 
ponding movement of the screw along its axis. This error, due to lost 
saotion# called the back-lash error, can be avoided by always turning 
the aerew in the same direction while taking any riding. 

<5) The term h/2 can often be neglected in eoniparia<ui with d* 
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Proof of the Formula^The diagram (Fig. 17) represents a side 
view of a spherometer resting on a sphejictd surface. The central 
leg A and two of the fixed legs of the spherometer are visible. AB 
represents iho vertical distance h through which the central leg must 
be raised (or lowered) so that it may just touch the curved surface. 
DB {S) is the distance between any of the fixed legs and the central 
leg, when they are all resting on a plane surface. If i? be the radius 
ofeurvature, we have DO‘^DB^+BO^ = DB^+UO‘-AB)\ 


( 1 ) 


or, i <.r,B=^+*-=|+*. 

The formula (l) can be put into another form. When the cen^ 
leg just touches tite plane of the other three legs, let B be the position 
of the central leg, and D, jE*, jP, the positions of the other three legs' 
which form an equilateral triangle (Fig. 17, lower). The angle QDF 
is and K is the middle point of DF\ the length of which, say, is d. 

BK^DBcos 30"==5s/3/2, or df2^S.^Sl2, or, d^^SS^. 

Substituting the value of S* in (1) we have, 

^ 6h 2' 

N. B. The method of measurement is the same for both convex 
and concave surfaces. 


29. Meamremeni of Area :—^To find the length of a straight 
line, it is necessary to take only one measurement So length is 
said to have one dimension. But in order to measure an area two 
linear measurements are necessary Thus for tibe area of a rectangle, 
two lengths, length and breadth, must be measured. That is, an area 
has two dimensions. 


Unite of i4rea_The unit of area in the Metric system is the 
square centimetre^ and that in the British system is the square foot. 


Metric Table of Area 


British Table of Area 


100 sq. millimetres ssl sq. centimetre. 
100sq. centimetres eslsq. decimetre.. 
100 sq. decimetres »l sq, metre. 


144 sq inch«'S)Bl sq. foot. 

9 sq.ft. =:lsq. yard. 

4840 sq. yds. al acre. 

840 acres =1 sq. mile. 


Ca2 Areas of Regular Figures .—In order to measure the 
areas of regular geometric figures, two linear measurements, as 
involved in the following relations, are to be taken : 

Area of rectangle sslengtli X breadth. 

„ „ parallelogramsbase X perpendicular height. 

„ „ triangless^XbaaeXaltitude. 

6 

„ „ trapezium Xaum of parallel sides X perpendicular distance' between 

them. 1 

M circleswx (radius)*. 

„ « cllipseswxaenu^maior axis Xsemi-minor axis. 
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Aret of carve luxfece of cylindexBdrcuinfereoce of ctoss^tectionxleBftii. 

Area of the aurface of a sphereaaxea of the curved sucface of the drciuna* 
Ctibing cyHnder»2vrX2f *4^*, 

(wWe r»> radius of the sphere, r is also the radius of the base of the circuitMh 
cribmg cylinder, and the height of the cylinder «2f.) 

(b) Arttas of Irreguletr Figure. —^Tbe area of an iiregular 
figure can be measured, by dividing the figure into suitable tegular 
figures like triangles, rectangles, circles, etc., and then adding up the 
areas of these parts. Besides, it can be measured, 

(i) By ntjaared paoer .—^Draw an outline of and figure on a 
squared paper. The boundary 
of the figure (Fig. 18) passes 
-through a number of small 
squares on the paper. Now 
count the total number of 
complete squares and then 
count round the boundary 
line, ignoring those which are 
less than half^a square, but 
counting^ as whole squares 
those that appear to be more 
than half squares. In the 
case of exact halves, take 
two to count as one square. 

N.B This is only a rough' method, and the result will not be very 
accurate. This method, however, can readily be applied to find the area of 
a country by drawing to scale, on squared paper, a map of its boundary. If 
the above figure represents the boundary of the map of a country, then the area 
of the country can be calculated as follows — 

bcale of map, 80 miles in, or, I'tq. in.» 6400 sq. icdles. 

Hence, area of the country* 6400 X are a on graph'paper in sq. inches 

(sq. miles ) 

(it) By Planimeter .—The area of any plane figure can be 
directly recorded by this instrument. The two ar^ AB, BCsa:e 
freely joined at B. A graduated wheel D revolves in the elbow at 
B round an axis parallel to the arm BC. 




Fig. 19—A planimeter. 

In use the lowest part of the wheel D, the spikes .d and <7 touch 
the plane of the figure, the point A bdng keij fixed in posi^on 
•somewhere at a convenient position outside the figure while C is 





alo^ bottodary Inie o€liM» %ctrB m^saoii a waf that 

tt returte to ite initial positions finally. Th^dSfierance between the 
readings o£ the wheel before and after the spike V goes round the 
figure gives the area. 


|{g0 w^hU^ —Draw the figuife on a tiiin sheet of oard- 
bda:^ or a thin, metal plate» whose thickness should be as umfonn 
ks poesiUe. Out the figure out of it, suid weigh it accurately. From 
the same sheet cut an area the sha^^ of which may’ ccmvenientiy be 
a rectangle, mrja triangle, and find its weight. Calculate the area 
of the rectangle or the triangle, from its Bnear dimensions. Then 
calculate the area of the figure from the relation, 

area of figure _ weight of figure 
area of rectangle weight of rectangle* 

20, Meeamrement of Volume :—^The space occupied by a 
body is called its volume. In order to measure the volume of a 
body three leiigths, hngih^ breadth ^ and height or thicknes^t should 
be considered. Therefore, a volume has three dimensions. 

UnUs of Volume —^The unit of volume in the metric'system is 
the mbic centimetre (c.c.}, and that in the British system is the (mhie 
foot (cu. ft.}. 


A common unit of volume for liquids in’ the British system 
is one gallon (4540 c.c.) which is equal to the volume of 10 lb. 
(avoir.) of pure watOT at 62'F., while that in the C. G. 8. system 
is one Hire, which is equal to the volume of 1 kilogram or 
1090 c.c. of pure water. So one millilitre (ml) means 1 c.c. 


METRIC TABLE OF VOLUME 

1000 cubic millkaetr€8=l cubic centimetre (c.c.) 
1000 Oubio centimetres—1 cubic decimetre (1 litre) 
1900 cubic decimetres=1 cubic metre. 


BRITISH TABLE OF VOLUME 

1 cubic foot=1728 cubic inches (cu. in.) 

1 cubic yard=27 cubic foot (cu. ft.). 

Remembn the following:— 

The litre is the volume of 1 kilogram of eotd toater. 

One gram of cold water fills one cubic centimetre. 

One fhd^ounee equals 28 35 cubic centimetres. 

One cubic foot equals 28^31 litres. 

One cuHc foot of cold water weighs 62*5 lbs. 

The gallon is the volume of 10 pounds of cold water. 

Obg gailoti e^ttals 4'54 litres. 

fistid-m^ is the volume of 1 ounce of void water. 



(^) VitmmiifM of 

ft liquid Is fsadilF akiamed by pouring it into a graduated votsel. 
These graduated vess^ aira availftble in various forms, ^ (a) 
reinresenis a graduated cyUnderi,the markings in it being usually in e. 
Fig. 20, (fc) shows a “ 


measuriug flask whose 
capacity is ordinarily 
marked on its body and 
is used when a definite 
volume of a liquid equal 
«to its capacity is token 
initially. Fig. 20} (e) shows 
a burette in which a liquid 
is taken when a measured 
volume of it is to be 
poured into a vissel. 

(b) Volumes of 
Regular Soffcb.—-To 

oaloulate the volume of 
a solid which has a 
regular geometrical figure. 



Crhndei 



Metsuriag 

Flttk 

Fig. 20 



(») 

Botctee 


Rdtoembte the ibUowittg— 


Volume oi rectangular solid (cuboidl^lengthXbxeadthXheight 
.. „ cylmdex sarea oibaaeXhej^t 


„ pfyxainid, or conS 
.. „ ti$iiere 


1*1 X area ol batf Xhaigbt 
^ ss^xitadhti)*. 


Volume of « Sphere 

pgqipf.The surface of a sphere can be imagined to be divided into 
an infinite number of small figures, [Fig. 20 (o)], each of which is 
practically a plane surface and may be considered to form the base 
of a pyramid having a height equal to the radius r of the sphere, i.e. 
Vvith it8*top at the centre of the sphere. The Sum of the bases of all 
the pFmmids is the whole surface of the sphere, and the sum of all 
^ese small pyramids k the volume of the sj^ere. 
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The volume of a small pyramidi x area of base Xdieighi 



Fifi. 20(fl) 


The volume of 'the sphere— i X sum of 
ihe areas of the bases of all the pyramids 
X height 

X surface area of the sphere x radius 
=^x4?7r® Xrssfjrr® ; 

[*.* surface area of a sphere=47rr®.] 

(c) Volumes of Irregular Solids .—^The 
volume of a small piece of au irregular solid, 
or that of a regular one can be determined, 


(0 By displeuiement of water. —^The volume of a small solid 
may be directly obtained by lowering it carefully into Vater contained 
in a graduated vessel, say, a graduated cylinder as depicted in 
Fig. (a) and noting the rise of the surface of the water. The rise 
of the surface, i.e. the difference between the first and second positions 
ofjiithe meniscus, gives the volume of water displaced by the solid ; 
and, as a body immersed in a liquid displaces its own volume of the 
liquid, the difference between the two positions of the meniscus gives 
the volume of the solid. 


When the body is too big to go inside the measuring vessel, secure 
a fairly large vessel and attach a narrow piece of gummed paper verti¬ 
cally to the side of it. Put a horizontal pencil mark at a level which 
wiU be well above the top of the immersed solid. Pour water in the 
vessel until its surface is level with the pencil mark. 

If now the solid is introduced, an equal volume of water will be 
displaced or pushed above. Put another mark corresponding to the 
suilace of water again. Then take out carefully by a pippette the 
amount of displaced water, t.e. the amount of water between the two 
pencil marks, and measure it by a graduated vessel. This will give 
the volume of the solid. 

Note.—(1) If the solid floats m wVer, push it by a needle fixed to the end 
of a wooden pen>holder until the aolid is ce^fipletely immersed. 

(3) If the solid u soluble in water^ use, instead of water, some other 
liquid, say, alcohol or kerosene, in which it is not soluble. 


(£i) By weighing. —^Knowing ihat at ordinary temperatures 
one cubic centimetre of water weighs one gram^ the volume of a 
ftmall solid can be accurately determined by weighing the amount of 
water displaced by it. 

If the weight of the displaced water is, say, 10 gms,, then the 
volume of d^placed watmr is 10 o.c. (because l^e vokune^f 1 gm. 
<d. water is equal to 1 c.g.), and so the volume of the solid is alsi^lO o,c. 
30) the weight in grains of the displaced water is nnmen^hy equal to 
ihe vohiine of the body in cubic centimetres. If the sohd is soluble 
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in water, a liquid, in which the solid is insoluble, is to be taken. To 
know the volume in this case, the weight of the displaced liquid in 
grams is to be divided by the density of the liquid {oide Art. 260). 
To measure volume by weighing, another method based on the Archi¬ 
medes^ Principle {vide Chapter X) is available. 

21, Measurement of Mass The mass of a body is ordinarily 
measured by means of a common balance {vidii Art. 190). It can also 
be measured by a spring balance after calibrating it (vide Art 199). 

22. Measurement of Time :—Any process which repeats itself 
after a regular interval of time can be used to measure time. Depend¬ 
ing on this principle the ancient people devised various devices, like 
^e sun-dial, the hour-glass, the water-clock, etc. for measuring tine. 

(a) The San-dio/.— This instrument (Fig. 21) was universally 
used by the ancient people. It consists of a horizontal circular board 



Fig. 21—The Sun-dial. 



Fig, 22—The Sand-glass. 


which has graduations from 1 to 12 those on a clock. A triangular 
plate of metal fixed on the boan^ vertically in a north-south direction 
serves as au obstacle to the rays of the sun. Any particular period 
of the day is indicated by the position of its shadow cast by the sun 
on the graduated board at that time. The shadow is longest when 
the sun is on the horizon, i.e. at the time of the sun-rise or the sun¬ 
set. After the sun-rise as the sun rises up in the sky, the length 
of the shadow shortens and finally at noon when the snn is at the 
zenith, the shadow vanishes. After the noon it changes side and the 
shadow lengthens again as the sun declines. 

The^un-dial can bo used only on a sunny day and cannot be used 
at night or on a cloudy day. 

(6) The Hour-glass (or Safid-gr/ott).— This consists of two 
'«onical flasks joined neck to neck (Fig, 22) having an inter-communi- 
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oatiog narrow opening in ihe middle. A meaBUred* quantity of dry 
sand is taken in tke upper dask and ike principle involved in tke 
measurement is that a definite interval of time is necessary for the 
passing of ike sand from the upper flask into the lower. 

(c) Cloch» and WofcAci.—Clocks and watches are now-a-^ 
days ‘Universally used for the measurement of time and have 
praetically superseded all primitive time-measuring devices. Their 
construction has been possible after the discovery of the laws of 
pendulum {nde Chapter V) in 1583 and it was left to a Dutch 
Fhysicist, Huygens, to use a pendulum afterwards for measuring time. 
In 1658 a clock fitted with a pendulum was first used by him to 
measure. time. Since then, however, vast improvements in the 
mechanism of clocks have been made by later workers. 

The length of a seconds pendulum {vide Art. 123) can be so- 
chosen at any ^ven place as to take one second to swing from one 
extreme position to the other. The motion of the pendulum can be 
communicated at the end of every swing to the hands of a clock by 
means of suitable mechanism. The hands move over a dial graduated 
in hours, minutes, and seconds. The energy of the pcSidulum is taken 
from a wound spring which runs it. The spring requires to be wound 
after regular intervals. 

(O The Watch .—The principle of a watch (pocket watch or 
wmt watch) is the same as that of the clock except that the pendulum 
is replaced here by a balance wheel controlled by a hair spring. The 
balance wheel oscillates, the necessary energy being supplied by a 
wound spring as in the case of the pendulum clock. 


A Chronometer is a specially constructed watch which gives 
time with the greatest precision and is generally used for compari^n 
purpose in regulating ordinary clocks or watches. 

iii) The Stop-watch or Stop-clock.— It is 

small interval of time du?^ 
f between t^o events is to bi 
The Sto|J‘‘Watch.-- 
tructed Watch (Fig. 23) 

’^whielr^^s 0 

^second. Ea& sudh 



ly cons- 
:second- 
dial with 
presenting 
is usually 

vided in^ fifihs or tenths^ Ikst the begin¬ 
ning of an evrat when the knob at the top is 
pressed, the / second-hand starts and it stops 
when press^ for the second time at the end 
ofthecv«>L There is a small minute-hand 
whi^L^.#inove8 over a small oirculffl* dial 
into 60 divirikms, each representing, 
oois^lete rotation of the minute-hand through SOOT 
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means an interval of one hour. The time recorded by the minute and 
second handSf when tEe hands stop 
as the knob is pressed for the 
second time, t.e. at the end of an 
event, gives the interval of time during 
an event. The hands fly back to zero 
positions when pressed for the third 
time and the watch becomes ready 
again for new observations. 

(Hi) The Sfon-c/ocfe.—It is a 

table-clock run on the same principle 
as that of a stop-watch. The differ¬ 
ence in mechanism is that a straight 
rod projecting gut of the clock both- Fig. 23(a)—A Stop*clock. 

ways at the sides is used to start 
or stop the clock [Fig. 23 (a)]. When 
the right end of the projecting rod 
is pushed to the left, wie clock starts 
and when pushed to the right from the 
left it stops. There is usually a third 
hand which can be set from outside 
over the second hand and it stays 
there indicating the starting time, 
when the minute and second hands 
are on the move. 

iiv) The Metronome.'— This 
instrument (Fig. 24) is used to mark 
time. It has a mechanism (run by 
clock-work) to move the pendulum, 
by which ticks can be heard at 
the end of each swing. The ticking 
time can be altered by adjusting the 



Fig. 24—A metronome. 


positic^ of a sliding-weight on the pendulum rod. 


Questioiis 

1. Give the construction and working o£ a apherometer. How would 

you detetmine the focal length pf ajfns with its help ? (U, P. B. 1948> 

2. How would you measure the curvature of a spherical surface by a 

spherotocter ? (M. R B. 1951) 

3. Give the principle of a vernier and explain its working, Bach division 

of a mainsweale is 0*5 mm. 9 divisions of the ;nain scale are equal to 10 divisions 
of the vernier. Length loi a cylinder is me^ured. The readings are: 78 divisions 
of the xAun scale jandlthe 8th division of the vemtex coincides with a division 
of the main scale. Caljculate the length m the cylinder. (Del. H. S. 29^> 

[dliM. 1 3*93 cm.] ' 
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4. The fixed legs of a spherometer are at the coraen of an equilateral triantfle 

of 4 cm. side. When adjusted on the lutface of a spherical mirror, the initru* 
mcnt reads 1*500 mm. Find the radius of curvature of the mirror, taking zero 
error of the instrument to be zero. Prove the formula you use. 1951) 

[difM. : 17 84 cm.] 

5. Assuming the earth to be spherical. Calculate its surface area in square 
miles, taking its diameter to be about 8000 miles. 

[Am. ; k*0114X 10* sq. miles.] 

6. A circular ring is enclosed between two concentric circles whose radii are 
119 ft. and 167 ft. long respectively. Find the length of the radius of a third 
concentric circle which will divide the ring into two rings whose areas shall be 
equal to one another. 

[Am. ; US ft.] 

7. How.would you measure the ar^ajof an irregular figure drawn on a sheet 
of paper ? 

8. Calculate the volume of gas in cubic feet contained in a cylindrical 
gasometer havina a height of 150 ft. and diameter 150 ft. 

[Am, t 2,651785*7 cu. ft.] 

9. How will you find the volume of a solidjof irregular shape 7 

(C. U. 1917, '29; Dac. 1932) 


CHAPTER m 

STATICS AND DYNAMICS 

23. Body :—A body is a portion of matter limited in every 
direction. It occupies some definite space and has a definite size 
and shape. 

A body is said to be rigid, if its parts always preserve invariable 
positions with respect to one another. Actually all bodies yield more 
or leas under the action of forces. For our investigations, a body 
will be considered rigid unless otherwise stated, 

24. Particle : —If a portion of matter is so small in size that for 
the purpose of investigations the distances between its diflPerent 
parts may be neglected, it is said to be a particle. It is a material 
point occupying some position hut having no dimension. Rotation 
or spin has no meaning for it. Any motion of it only signifies a 
transference of position from one point in space to another. 

2S> Mechanics :—It is that branch of science which deals with 
the conditions, of rest or motion of bodies around us.* It has two 
subdivisions, statics and dynamics. Statics is that branch of 
mechanics which deals with the science of forces balancing one another. 

* The term mechanic! waa firat used by Newton for “the science of 
, mariunes and the att of making them." Subsequent writers, however, 
•doplied this term as a branch of science which treats of the conditions of 
ffwt or motion of bodies around us. 
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The forces cQnsidered nmy act at a point or on a solid, a liquid, or 
a gas. The branch of statics which considers the relations between 
forces acting on a liquid at re^i has a special name, hydrostatics and 
the branch which considers the equilibrium of a gas has another 
special name, pneumatics. Dynamics is that branch of mcchauios 
which treats of the science of bodies in motion. It is divided 
into Kinematics and Kinetics. Kttiemaiics deals with . motion 
without reference to its cause. According to some writers this 
is a branch of pure mathematics. Kinetics is the science of motion 
with reference to its cause, i.e. it is the science of unbalanced 
forces or the relations between motion and forces. In hydro¬ 
dynamics the relations between motion and force in fluids is 
considered. Hydraulics deals with the applications of the principles 
of hydrostatics and hydro-dynamics to Engineering. 

26. Position of a Point or Body :—The position of a point 
or body lying on a plane can be determined in various ways of which 
the commonest is by finding the distances of it from two mutnally 
intersecting straight lines (called the axes of reference) in the 8B.ine 
plane measured along lines drawn from it parallel to the axes. 
These distand^s are called its co-ordmates with referi nee to the axes. 
The point of intersection of the axes is called the origin^ its co¬ 
ordinates being 0,0. This is a standard or reference point taken 
apparently as fixed. The axes of reference may be mutually perpen¬ 
dicular to each other, when they are called ree/aor,they 
may be inclined to each other at an angle other than a right angle 
when they are called oblique axes. The rectangular axes are more 
convenient and are most commonly used. The co-ordinates referred 
to either rectangular or oblique axes are called Cartesian co-ordinates 
in honour of Rene Descartes (1696-1650) of Touraine, Prance. 


27. The Rectcuigular Co-ordinates :—^The horizontal and 
vertical lines XX' and 7Y' (Pig. 25) represent two rectangular axes 
having origin 0. The co-ordinates _ 

of any point P referred to the axes ^ 

-iTA'and VFare respectively given 

by X and the former being callbd I y 

the abscissa and the latter, th& ordi- ^ ^ ! i 

note. When the co-ordinates of a - t— 

point with reference to a given pair ^ ^ 

of axes arc given, the process of 

marking the position of the point on 

the plane is called plotting the point. |Y^ 

A detailed study of how points are p , 

plotted on a graph paper using reo- 

tangul|ir co-ordinates, i.e. how graphs are drawn is given in 
Appendix (B) at the end of the book. 

Jhst as the position of any point on a given plane can be found 
when its co-ordinates with reference to two given axes in plane 
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HM given, tine position, as well be traced if the d^atios of the 
point from fbe origin and the angh by which the lihe joining tbe 
point witil tiie origin is inclined to either 'of the given axes of 
reference are given. Both the above methods are used in our daily 
life. In geographical survey, generally, the observer himself or a 
very well-known object is taken as the o^in and the geographical 
East-West and North-South lines passing through the origin are 
used as the axes of reference. 

For example, if it is stated that the playground of a college is a 
quarter mile to the South-East of the college premises, to arrive at 
tile ground one has only to walk a quarter mile from the college 
premises along a direction equally inclined to the South and the Blast 
or, in the alternative, to walk 440 x cos 45’ yds., ».e. 310*2 y^. due 
South and then to walk further 310*2 yds. due East. It is to be 
noted, however, that in order to find the position of a point in spa^ 
9.e, when it is not sufficient to know its position in a given plane, its 
co-ordinates referred to three mutually perpendicular axes meeting at 
a oommojtx)rigin apparently fixed in space are to be known. 

"23. Reet and Motion :—body is said to be att rest ^ when it 
does not change its position with time ; it is said to be in motion 
when wiffi time it changes its position. 

Absolute rest is anfenoinn.— To know if the position of an 
object changes with time or not^ a point absolutely fixed in space is 
required to be known. No such fixed or stationary point is known in 
this universe. When you say that a ball is at rest on the ground, the 
ground is considered stationary and the ball does not change its 
position with respect to it. As a matter of fact, the ground, i.e. the 
earth, is not stationary; it is always in motion. It moves _ round 
the sun and it also rotates about its own polar axis. The sun is also 
never at rest; with the planets bound to it, it is in constant whirling 
motion amongst the gallaxy of stars and the latter ^so are always in 
motion with respect to each other. The ball, being on the earth, is 
sharing such motion and cannot be at absolute rest. So absolute rest 
is a term which hew no meaning in reality. By stating that the ball 
is at rest on the ground, what is meant, as stated above, is that it is 
not changing its position witii respect to the earth. That is, rest h<‘re 
means relative rest. A body* thereforet is at relative rest with respect 
to another when it does not change its position relative to the latter. 
A passenger seated in a running train is at relative rest wi^ respect 
0 inmates of tbe train while actually he is moving with respect 
to the objects on the roadside. Birds flying in the sky in a formation 
are at relative rest with respect to each other while they are in 
continuous motion. 

All motion is relatipe ,— As the motion of a body involves a 
(ffiange of its position, to measure motion a point fixed in position 
called the reference point is necessary, frewn which the change of 
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positioa is to be known. As already etplained, no such fited point 
is realisable in nature. So when say that a body is in motion, the 
idea behind is that it is changing its position with respect to some 
known object, the body is in relative motion widi respect to die 
known object It has been customary to refer the motion of all 
terrestrial bodies with respect to the eartL 

29. Kinds of Motion ( Translatory and Rotatory ) 

The motion of a body may be either translatory or rotatory 
or both. The translatory motion may again be subdivided into 
rsctihnear and curvilinear motions. A body is said to be in 
translatory motion when it moves in such a way that its con¬ 
stituent parts have such identical motion that the line joining any 
two points of the body always moves paraUel to itself when the 
1hody is in motion. Fig. 26 illustrates the motion of a body when 
the line joining any two points a, 6 is parallel and equal to the 
line db' which joins up t^e same two points in a new position 
occupied by the body in 
course of its motion. So the 
motion is translatory. More¬ 
over, the path of motion aa' 
of any point a, or bb' of any 
other point 6 is a straight line. 

Therefore this translatory 
motion is rectilinear too. 

When a stone freely falls 
from a height, when a train runs on straight rails, etc. a translatory 
rectilinear motion is produced. 

When the motion of translation ad takes place along a curved 
path in such a way that any line ab in the body remains parallel to 
itself, it is called a curvilinear motion. 

When a body turns about a fixed point or axis, it is said to be in 

rotatory motion. 



Fig. 26 



(a) 


Fjg. 27 


( 6 ) 


A Stone tied at the end of a string held in the hand and whirled 
round [Fig. 27 (a)], the motion of a flywheel about a shaft [Fig. 27 (6)1 
^tc. are typical examples of rotatory motion. 
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A motion, besides being simply translatory or rotatory as already 
e^Iaincd, may o^n be complex in nature resulting from a com* 
binntion of a rotation and a translation. These both kinds of motion 
are involved when a body rolls down an inclined plane, or a rupee 
rolls on the floor. All sorts of complex motions may be produced by 
the suitable combination of the above two simple motions* 


30* Terms connected with Motion ;— 


Dtsplocement.-^Thc displacement of a moving body in agiven 
time is its change of position in a particular direction in that time, 
the change of position being found by joining l^e initial position 
to the final position by a straight line, whatever might be the nature' 
of the path actually traversed by the body in that time. The 
displacement is thus a quantity which has a magnitude as well as 
a direction, the length of the straight line giving the magnitude, 
the direction being given by that of the line in a serise pointing 
from the initial to the final position. 

Suppose, a body starts from 0, the origin of the rectangular axes 

XX; and TT (Fig. 28) and tra* 
veiling along OCP in the plane 
of XX' and 7 7*, reaches P in a 
given time. Let x and y be the 
co-ordinates of P. Then the dis¬ 
placement of the body will be 
given by the dotted line OP 
whose magnitude is equal to> 
and is directed from 
0 to P along the straight line 
OP which is inclined to the 

X-axis by an angle 0=tan” ^ 

X 



Speed-^Tks rate at which a moving body de8(Tibes its path is 
called tts speed. It is measured by the distance travelled by the body 
along a straight or curved path in unit time. It is a quantity which 
mves the idea of a magnitude* only and has no reference to any 
direction. • 


It is said to be uniform when it passes over equal lengths of 
its path in equal intervals of time, however small these equal time 
intervals may be. It is non-uniform or variable when the body 
traces out unequal lengths of its path in equal intervals of time at 
different points of the path. When the speed is variable, often it 
becomes necessary to know the speed at any instant or at any 
particular point of the path. This is given by the actual distance 
passed over by the body in an indefinitely small interval time 
around the^ instant in question divided by the time interval. When 
the sp^d is variable, often it is very helpful in practice to know 
simply its average speed. The average speed of a moving body in 
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ftny given inteiyal of time during its motion is given by the 
length of the traversed ^ath divided by the time taken. If a length 
of path s is described by a body in time t, under variable motion, the 
average speed during that time is given by sit. The body would l^ve 
passed over the same length of the path in that time had it moved 
with a uniform speed sit. Average speed may be taken, it should be 
noted, only if the variation of speed is small. 

^ Velocity. -’The velocity of amoving body is its rate of dis- 
plaoement. So it may also be defined as the change of the position 
of a moving body in a definite direction per unit time, or as the 
distance traversed by the body in a definite direction in unit time. 
To specify velocity, therefore, its magnitude as well as direction must 
be stated. Changes in either magnitude or direction or both change 
the velocity of a body. 


tfniform Velocity. —^The velocity of a moving body is said to 
be uniform when it always 

moves along the same „—/sec——;sec~**-<— iseo — ^ 

straight line in the same rr , rf ■ 

sense describing .equal dis- ^ ^ ^ ^ 

tances in equal intervals of —tOFt——lOPi——► 

time, however small these 

intervals may be. In Fig. ^ 29-UniloTm Velocity. 

29, a, b, c, d represent successive positions of a body having a uniform 
velocity of 10 ft. per sec. 

Velocity at a point. —When velocity of a body is variable, 

i ts value at any point of the path is given by the distance passed 

over by the body involving the point of the path 
in question in an indefinitely small interval of 
time devided by the time interval. If the path of 
motion is not a straight line, the direction of the 
velocity will be that of the tangent drawn to the 
curved path at the point in question pointing to 
the direction of motion. Thus, if a body moves 
along a curve OOP (Pig. 30) in the direction shown by the arrows, the 
velocity at any point C in the pat^ will be in the direction CQ, which 
is tangential to the curve at the •point G in question. 

'Average Velocity. —^Wben velocity of a body is non-uniform 
but taking place in the same direction, its average velnmiy is given by 
the total distance passed over by the body in a given interval of time 
divided by the time interval. 
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Fig. 30 


iDistinction between Velocity and Speed :—('/) The 
▼elomty of a moving body is the distance traversed by it in a definite 
direction Jin unit time. 

(6) The speed of a moving body is simply the distance 
traversed by it in unit time, where the distance may not be in a 
definite direction. 
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So, to apecily a velooity completely, its mo/gmUj^ as well as^ ite 
direction must be stated; Wt to specify a j^peed oompletelyi it is 
necessary to state only its magnitude. Hence velocity is speed in 
some particular direction. 

To understand more clearly the difference between speed and 
velocity, take, for example, the case of a motor bicycle travelling 
round a circular track at a constant rate. In this case the speed of 
the bicy^ is constant, but its velocity is constantly changing. 

•',32; Unite of Velocity or Speed: —body has unit velocity 
or speed whpn it traverses unit distance in unit time. 

The C. G. S. unit is The F. P. S. unit is 

one centimetre per second. one foot per second. 

33. The Acceleration of a body under motion is the rate of 
change of its velocity. Acceleration is uniform when equal chaises 
in velocity occur in equal intervals of time, however small the time 
interval may be. In other cases, it is variable. 

Acceleration has both magnitude and direction, and so anjr change 
in either of ^em will change the acceleration of a body under motion. 

Suppose the velocity of a body at the beginning *Df an interval of 
time is 9 ft. per sec., and at the end of the first second the velocity 

becomes 11 ft. per second 
^isK^^isec tsec —isffc-(jrjg, $ 1 ) j then during tihe 

, , Q,,—» » , Q interval of one second the 

— i4ft —►.*— 16 /f-- velocity of the body has 

increased by 2 ft. per 
Fig. 31—Uniforai Acceleration. second, the average velocity 

during interval being 10 ft. per sec. If again, at the end of next 
successive seoouds, the velocity becomes 13, 15, 17, etc. ft. 
per sec., then the change of velocity of the body is uniform, and is 
effected at the rate of 2 ft. per sec. in each second, the corresponding 
average velocities being 12, 14, 16, etc. ft. per sec.; so the rate of 
change of velocity, i.e. the acceleration of the body, is 2 ft. per sec. 
per sec. In Fig. 31, a represents the position of the body at the 
beginning and the successwe positions at an interval of 1 second. 
In this case, the velocity^'is increased by equal amounts in equal 
intervals of time. So, it is a case of Uniform acceleration. 

In acceleration, the unit of time comes twice, because it involves 
a chaise of velocity, and also a time in which the change occurs. 
A falling stone gradiially increases in velocity vertically downwards 
by 32 ft. per second in every second ; so the acceleration of the stone 
will be expressed as 32 ft. per second per second [or 981 oms. per sec. 
per sec. (or/bma. per sec.®)). 

34^^ 'the Unite of Acceleration A body has unit acoele- 
mtion, if its velocity changes by unity in unit time. < ‘ 

Hie e.G.S. unit of acceleration is | The F.P.S. unit of aooel^tlon is 
one centimetre per sec. per sec | one foot per sec per sec 
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Retardation When a moving* body gradually slows 
dowQ« its velocity diminiejiies, and the rate of diminution is known as 
retardation. A retardation is a negative aecehration. A stone 
thrown vertically upwards has negative acceleration, i.e. retardation, 
till it attains the maximum heights I£ the velocity of a train approach¬ 
ing a station decreases 2 ft. per sec. in a second, we say its accelera¬ 
tion is — 2 ft. per sec. per sec., or retardation is 2 ft./sec.®. iiike 
acoeleratipa, retardation may also be uniform or variable. 

3€y Angular Velocity : — When a body moves on a plane, its 
angular velocity about any fixed point in that plane is given by ike 
angle that may be imagined to be described per second by t^ line 
§oinif^ the body to the pointy as the body moves. It is said to be 
uniform, if equal angles are described in equal times, however small 
the time interval may be. 

If in a time,tiae angle uniformly described by ^ (pronounced 
“theta”), then the uniform angular velocity co (pronounced “omega ) 
is given by, co=s^// degrees per second. 

But the angular velocity is generally expressed in circular 
measure, i.e^radictns* per second. 

In one complete revolution, four right angles are described and 
the circular measure of four right angles is 27r radians where 
7rss5^sB3'i4 approximately. Hence, if < be the time for » 
revolutions, co^=27rrt, or co=2?r»// radians per sec. , 

If a body makes n revolutions per minute (R.P.M.), the 
number of revolutions per sec. (R.P S.) is w/60. 

/. The angular velocity of the body, 

CO=2?r X w/60 =s 7r»/30 radians per sec. 

,37, Relation between Linear and Angular Velocity in 
Uniform Circular Motion t —^Let co be the 

uniform angular velocity of a particle moving 
roimd the circumference of a circle of radius 
r (Fig. 32). If t seconds be the time for one 
complete revolution, • 

t=2xr/<o sec. ('.* the angle tupied through is 
2n radians.) 

Again, if v be the linear velocity of the 
particle, 

t =ft obroumfe renoe ^ 2nr 

V V 

Hence, 2?5rr/pa*27r/6o, or, t?=scDr. 

Thus, the lineat* velocity of any particle of a body rotatix^ about 
a fixed axis is directly proportional to its distance ^om the axis of 

* Oai radian la the atif te atibtended at the centre of a circle by an arc 
equal in length to the radium ol the circle. 1 fadian«*57*’ 17 44*6'', 
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rotatioa and is obtained by the product of the angular yelbcity and' 
the distance. 


Examples (1)-—^ oirem horae irota round a eircularpath at a apaad of S mila^ 
an how, Aeld bff a ropa 20 ft. long. Find tha angular otlocUy of tha ropa. 

8 miles an hour 8 ft, per sec. [V ’ mile«»»5280 ft.] 

oUXoU 

Hew V r-20; 


5280 

60X60 


60X60 

X8s20 w, fromeq. 


(1), Alt. 37 


or, mjbbO'SS radians per sec. 

(2). Aflyvhtel rotates a&out a fiatd aasia at tha raia of ISO revolutiona par 
minuta ; find tha angular velocity of any point on tha wheal. What ia the linear 
velocity, %f tha radius of the wheel ia 2^ ft. f 

R, P. M. of wheel">150. Angle described per minutes 150X2a’ radians* 

150 X 2ir 

where a-=:22/7. Angular velocity, w*—> 7 t— sS’r radians per sec. 

oU 

Linear velocity, rw s X 5«ras 55 ft./sec. 


38. Uniform Motion in a Straight Line :— 

Distance traversed in t secs, by a body nioving with Uni¬ 
form Velocity v. 


If the body moves with a uniform velocity \\ then, by definition, 
p is the distance traversed by the body in each unit of time. 

Hence, in 2 units of time the total distance traversed is 2v \ 

yi ^ yt H ft ft ft I 

” Km . ^ . • " . ” ” 

Therefore, if 8 be the distance traversed in time i, 

s^vt. 


Example.—.d train nwvaa at the rata of 60 milaa an hour. Expraaa Ua oefoesty 
in feat per aeoond. 


1 mile B 5280 ft.; 60 miles«= -0x 5280 ft.: and l'hour=* (60x60) sec 

So the train moves (60x 6280) ft. in (60 X 60) sees. 


or. 


v=s 


60X5280 


60X60 


:88 ft. per tec. 


Remember that 60 miles per }iour—88 feet per second 

„ « 40 • „ „ „ =fx88„ „ 

» „ 30 „ „ „ =4x88 „ „ 

39. Rectilinear Motion with Uniform Acceleration 

When a body moves in a straight line with uniform acceleration, the 
relations between distance, time, velocity and acceleration can be ex¬ 
pressed by simple equations first pointed out by Galileo. These equa¬ 
tions axe called the Equations of Motion which can be stated as 
follows— ' 


If a body moves along a straight line with uniform aeeetbration i 
and if a and v be its velocities at the beginning and end of any inter- 
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val of Hme t considered during the motion, d^ s the distance tranef'- 
sed by if during that tiine, then, 

(i) V — n+f.t. 

{ii) a =u.t+4f.t,* 

{itt) 

(f) Velocity v acquired in Time t secs, by a Body moving 
with a Uniform Acceleration of f ft. per sec. per see. 


Suppose u is the velocity at the beginning of an interval of time t. 
Since the acceleration of the body is f, the velocity of the body is 
increased in each second by a velocity of ft per sec. 

At the end ofl sec. the velocity is u + f; 

„ )) 2 secs. „ ,) w d" 2/ j 

»» * »i 3 }, M « “h 3/*; 

and sOi i, n I n » ^ if 


Hence, v—u+ft . 

or, v—u=^fxt. 

or, Increase'gf velocity=acceleration x time 


and. 




( 1 ) 


or, Acceleration=increase of velocity -r Hme. 


Examples.— (1) A body atarU from reat and aequiraa a wloetfy of 8 kilometpaa 
An 2 minufaa. Whai ia iia aee^ration t 

8 kilometres p^r sec.^SOODOO cms. per sec.: 2 minutes»120 secs. 

Here e=800000j u=0 ; L20 ; /«■ ? 

»=t*+/#; or, 800000=0+/. 120; 
or, f—bS66'b6 cms. per sec. per sec. 

(2) A body haa a valoeity of 14i ft %vr^ aao, at an inatant and ia aut/sef to a 
retardation of 32 ft. par aao*. What ia ita vatocUy after 10 aaconda t 

Here tt=144 ; /=—32 ; t»10 ; r= ? 

We have «=u+/*=*144+(-32)Xl0»144-320- -176. 

Here the body is moving with a velocity of 176 ft. per sec. in the opposite 
direction to that m which it started. 

t 

(it) Distance traversed in t secs, by a Body moving with 
<s Uniform Acceleration of fft. pet sec. per sec. 


Let the body move along a straight line with uniform acceleration 
f, and let u and v be its velocities at the beginning and end of any 
interval t during its motion, j? being the distance traversed. 


As the acceleration is uniform, and the velocity gradually changes 
from w to V, the average velocity during the time should therefore be 
something intonnediate between u and v. Let V denote its velocity at 

the middfe of the time considered, i.e. at time so that, F^a+Zx - 
from (i), Art. (39). 
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Now, SB seeondB before ihis'middlo'instant tho velocity is V’^fz 
and in an extremely small interval of time T there, the distance 
travelled by the body is practically {y^fx)T, In the same smaE 
interval, z seconds later than the middle instant, the distance travelled 
by the body will be (F+/*)r. The total distance covered by the 
body during these two eqnal small intervals J, T is therefore, 

(F'*-/sb)7 ’+(F+/&) T=2F5r, which is the same as if the body 
moved with the velocity 7 during both these intervals. The whole 
time interval t can be imagined to be divided into such pairs of equal 
smcdl intervals equidistant from the middle instant and as for each 
pair the above reasoning holds, the actual distance (5) to be travelled 
during time t will be the same as if the body moved with a umfonn 
velocity V from beginning to end. In other words, V represents the 
true average velocity of the body. 

I 

Hence S= 

-ot+1/^.f* (2) 

Example.—CalouZoto the •niefol velocity of a train vAieh rUAs doum 32S feet of 
ineline in JO eeoonde with a vn«/brm acceleration of 2 ft. per eee per eeo. 

Here e=s325 ; ; /as2; «* ? 

.'f. 325«10 «+|x2x10*->10m+100; 

or, 10i*=325--100~225. Hence u=22*5 ft. per sec. 

(lit) Velocity of a Body acquired in a Distance s under 
Uniform Acceleration f. 

From Eq.in ( 1 ), »*=(«+/)()• 

&om Eq. (2). 

Examples —( O A train rune of a epeed of 80 milee per hour. The braiee are 

applied eo ae to produce a uniform acceleration of^2Jt (eec*. Find how far 
the train wUl before «t ie brought to reet. 

30 miles per hottE»>44 hfsec. 

Here w=44 ft./sec.; e=0 ;/.« -2 ft./sec.* ; •=* ? 

We have., v* =»«*-f2/s : or, 0»(44)*-j-2(—2)X**«(44)*- ie ; 

(2) A buUet mooing of the rate of 200ft Jeec. ie fired into the trunk of a tree 
into which it penetrates 9 inehee. If the buUet moving with the same oeJoeity 
twere fired into a aUnUar piece Of wood S inehee Ihiek. vMh what wIoe% would 
it emerge, euppoeing the reeiekmee to be uniform t {B, U. 1963) 

In striking the trunk the initial velocity, «» 200 ft./sec., and the final velocity, 
vspbO after penetrating 9 inchesft.^ of wood,is.,ass| ft. The average retar 
dation/ia to be calculated from die equation, v^asu* <- 2 / 1 . i 

0*«e200’~^|, whence 4sa|xl0*ffc/s«c.* 
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In the itcond cue, the zctavdetion is the sei&et the wood beiaf of iimiler 
kind. The finel Ttlocity v alter passing through 5 inches, I a., ^ wood, 

will be given by, («w200/<-/®ec.). 

«aaB200*—2x|xlO*X:^, whence #=?133*3 it./8ec. 


40* Special caeee :—If the velocity at the beginning of the 
time is zero, we have m=«0 , and the above formulae take the following 
simple forms : 

(i) v^ft; Hi) = ; (wi) v^=^2f8. 


Example —A body ttatiiny horn resl. WomIs UOSt, in the %th sscNmcl. OaieuJaU 
f Ae aeeslsrotmn ossufiMfi^ it to be uniform. (P. U. 19SS) 

Let space covered in 7 seconds and 8 seconds be respectively, snd 8g, 

Here »«s 0, /« constant; Sg ' 

* fir,«|/X8*-32/.; 5 t«|/X7»= 

u 

8f^ —^StbiISO ft.—32/- ^ /, whence/a20 ft./sec.* 


41. To Calculate the Distance traversed in any particular 
Second :— 

The distance traversed in the «th sec. =® the distance traversed in 
n seconds-the distance traversed in (w-i) secoadsw= 

(wn+i/n®)-{M(w-l)+irtn“l)*}*”fromEq. (2), 

42. General Hints : —In working out problems, 

(y) Set down all the values of the given quantities and the symbol 
for the quantity required, and then consider which equation, out of 
those given above, connects them. From this equation, find the 
unknown quantity. 

(t«) Remember that all the symbols involved in the above 
equations are algebraic, i.e. they may represent mtker positive or 
negative quantities, 

Examples.-(p A body is throvm up with a wloeity of 32 feet per eeeond. Mind 
how high it wiU rise. 

The body will rue till its velocity is xern after which it begins to fall and 
ts velocity becomes negative. , 

Here 1**32 ft./sec.; oasO :/:*fif»acceI due to gravity**—32 ft./sec.** s=s? 

We have e*»i**+^s. or, 0*(32)«+2x(“32) #; 

•*.♦=* * **• 15 ft. 

( 2 ) A bodyjravtle 100 feet in thefiret twoeeeoode and lOi feet in Ow nezl 
foureeeonde. How far witt it move in the next four seconds, if Uee aooaertOion 
io uniform ? 

‘Here s**100 feet; i*2 scev;«« ? 5 /= ? 

We have s«i*H-|/f** s or, 100=s2i*+^/X4 j.or, u+/»50«,...(l) 

Motion*duting the first sis seconds— 

a»llX)4-104w204 feet; l»>6 secs.; «« 7 j/w 7 

204 aaft*H-|^/x36{ or. 20iss6«*l-l^, or, 34ai«»4<^.^ (2) 
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From <1) and (2), /=» 8 ft./sec.*, «i=aW ft/iec. 

Considkxine the motion during the total time (10 sect.), 
t*-#58 £t./«ec.; <b 10 sec.; /*» — 8 ft,/#ec.* j a= ? 

.. a=58xl0+2(--8)xl0*«580 -400=:180£ect. 

» Thus the distance travelled in the last four seconds 
^180^100 -104:%'—24 ft., «.a.. it travels 24 ft. in the opposite direction. 

43. Force : —4 force is that which acting on a body changes or 
tends to change the state of rest, or of uniform motion, of the body. 

(а) Representation of a Force by a Straight Line. —^Every 
force has a certain magnitude and acts in a certain direction. A force 
is completely known if we know its (0 point of application, i.e. the 
point at which the force acts ; {ii) direction ; and {iii) magnitude. ^ 

All these can be represented by a straight line provided that, 

(t) the line is drawn from the point of application of the force ; 
(it) the line is drawn pointing in the direction of the force ; 

(n?) the length of the line is proportional to the magnitude of 
the force. 

c 

(б) Eqailibrium.- When two or more forces acting upon a 
body are so arranged that the body remains at rest, the forces are 
said to be in equilibtium. 

If at any point of a rigid body, two equal and opposite forces are 
ajjplied, they will have no effect on the equilibrium of the body ; 
similarly, two equal and opposite forces acting at a point in the body 
may be removed without disturbing the equilibrium of the body. 

44. Frinciple of Transmissibility of Force A force acting 
at a point in a rigid body may be considered to act at any other jioint 
along its line of action provided that the latter point is rigidly 
connected with the body. 

45. Composition and Resolution of Forces : _ 

(a) Resttltomt and Components, — When two or more forces 

P, Q, 8, etc. act upon a rigid body and a single force R can be fownd 
whose whole effect upon the body i^ fhe same as that of the forces, P, 

Q, 8, etc., this single forceR is called the resultant of the other forces 
and the forces P, Q, 8, etc. are called the components of R. The pro¬ 
cess of finding out the resultant is known as the composition of forces. 

fh) Resultant of forces acting along the same straight 
Line — 

If two collinear forces P, Q, act on a body in the same direction, 
their resultant is the sum of the two forces, {P+ Q), acting in their 
common direction of action. • 

If two collinear forces P, Q, act on a body in opposite directions, 
iheir resultant is equal to their difFerence and acts in the direction in 
which the greater of the two forces acts. 
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(c) Remltdnt of two Forcea acting at a point of*a rigid 
£ody in different Dirwtione ,—When two forces act simultaaeoily 
at a point of a rigid body in different directions, their resiUtant can 
be obtained, both in magnitude and direction, by a law, known as the 
law of parallelogram of forces. This law is of utmost use in our 
sciences. 

at 

4$. The Law of Parallelogram of Forcea ;— If a particle ia 
acted <m simultaneously by two forces^ represented in rrmgnitude and 
direction by the two adjacent sides of a parallelogram draum from 
a pointf these forces are equivalent to a single resultant forces re¬ 
presented in magnitude and direction by the diagonal of the 
parallelogram passing through the same point. 

Let the sides OA and OB of the parallelogi^ OdCB (Pig. 33) 
represent two forces P and Q in magnitude and direction inclined at 
an acute angle BOA and let the diagonal OC represent their resultant 
R in magnitude and direction. Produce OA to B, and drop CD 
perpendicular on, OB. 

Let A BOA ACAD. Then we have, s c 

'00*=(04+dB)2+B03 f - 

===0A^+AD^+20A.AD+DC^ ^ 

= 0A^+ACfl+20A.AD{-: AC^=AD^ % 

■>rDC‘) h 

-0A‘+AC^+20A.AC.e<me{-: AD^ Pri . 

or. R^=F‘+Q*+2PQcote. M 

H9=90“,B®=J»+G®( V cos90’=0). 

The direction of the resultant is obtained as follows— 

Let the resultant R make an angle a with one of the component 
forces, say, OA Then, tan 

Note.—If the angle 0 be. fibjuse, B falls between 0 and d, but 
the value of 12® remains unaltered. 

47. Experimental Verification -Take a woodeu board 
fitted with two frictionless pulleys [Fig. 33(«)], and fix it vertically; 
Fasten a sheet of paper on the board Take three strings and knot 
them together in a point 0, and to their ends attach three weights P 
(=3 lbs.), Q{—A lbs), and i? (**6 lbs.), any two of which are together 
greater Ijhan the third. Pass the two strings carrying tiie weights P 
and ^ over the pulleys and allow the third to hang vertically 
downwards mth its weight B. Now the point 0 is in equilibrium 
under the action of these three forces. 
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Mark on the paper, by means of your pencil point, the directioib 

of th^ forces, and, taking a. 
convenient scale, say, an 
inch per pound-weight, mea¬ 
sure off along OK and OJJ, 
lengths OA and OJB, con¬ 
taining 3 and 4 units to re¬ 
present Pand Q respectively. 
Complete the parallel<^am 
OAUB and join OC. It will 
be observed that, (i) the dia¬ 
gonal OC is vertical, and that 
(w) OC is in the same 
straight line with OB, and 
contains B units (Le. 5 units)’ 
of length in the same scale. 

Conclmion. —^The knot 0 is in equilibrium under the action of 
three forces P, Q, and R. So the resultant of P and Q is equal and 
opposite to the force R {i.e. 5 lbs.), acting vertically upwards. But OC 
is vertical and it contains B units 5 units) of length. Therefore 
OC represents the resultant in magnitude and direction of the forces 
P and Q represented by OA and OB respectively. This proves the 
law of parallelogram of forces. 

N.B. (i) The downward force B represented by OB at 0, which 
is equal and opposite to the resultant of the forces repre.sentcd by OA 
and OB and by which the system is kept in equilibrium, is called the 
equilibrant of those two forces. 

{ii) The above experiment will be found to be true whatever be 
the relative magnitudes of P, Q, and R, provided that any one of 
them is not greater than the sum of the other two. 

48. lUustrationB. —(i) If a boat 0 is pulled by two tugs in two> 
different directions, and the forces exerted on the 
tugs are represented, in magnitude and direction, 
by two lines, OA and OB respectively [Fig. 33(//)], 
then the boat, instead of moving in die direction 
of either of the forces OA or OB, will move along 
OD, the diagonal of the parallelogram constructed 
■with OA and OB as adjacent sides. OD rc- Fig. 33 (b) 
presents the resultant of those two forces. 

(»i) If a man walks across the floor of a compartment of a. 
railway train with a velocity represented by OA [Fig. 33(/!)] while 
the train itself is miming witii a vdooity OB, the resultant velocity. 
QD of the man can be oWined graphically in the same way. 
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EQUILIBRIUM OF FORCES ACTING UPON A PARTICLE 

49, Triai^ile f/f Force* :—If three forces acting at a point be 
represented in magnitude and direction by the sides of a triangle 
taken in orders they will be in equilibrium. 

[N.B. The forces here act at a point and not along the sides of 
the triangle. They are only represented in magnitude and direction 
by the sides of a triangle taken in order ; the last expression 
means that the direction of the forces must be taken the same way 
round, ».e. they must go round the sides of a triangle all in the same 
directions, either clockwise or anti-clockwise.] 



Suppose the forces P, Q, and P, acting at 0 are such that they 
can be represented both in magnitude and direction by the sides 
AB, BC, and CA respectively of the triangle ^PC?(Fig. 34); the 
theorem statics that they shall be in equilbriuni. 

Proof.—Complete the pjiraUelogram j4PCD. BC 2 x 16 . AD being 
equal and parallel, the forces rei)resented by BC and JIZ) are the 
same. By the parallelogram of forces, the resultant of ^e forces AB 
and AD is represented by AC., both in magnitude and direction. 
Hence the resultant of the forqes AB, BC, and GA is equal to Uie 
resultant of forces AC and QA and is thus zero. Hence the forces 
P, Q, and B, are in equilibrium. 

(a) Coiweree of the Triangle of Forces. —^The converse of 
the triangle of forc^ is also true. This can be stated as follows : 
“//■ three forces acting at a point be in equilibrium, they can be 
r^resented in magnitude and direction by the three sides of a 
triangle taken in order^. 

[N.B. The corresponding sides of [the triangle representing the 
forcjps (which will be proportional to the respective forces) may be 
drawn parallel to the respective forces or respectively perpendicular 
to ^em or at any equal angles with them, taken the same way round. 
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(b) Experimental fVoof.—On the same sheet of paper used 
for the experimental verification of the law^ of parallelc^ram of 
forces I Fig, 83 (a)], draw a line parallel to the force P and from this, 
measure off a lengtii ad to represent, to a convenient scale, the 
magnitude of P. From b draw ba parallel to the force R and make 
its length represent, to the same scale, the magnitude of R. In 
this way draw from C another line parallel to the force Q and 
containing Q units of length. If the whole work is accurately done, 

end of the last line will coincide with the starting point a, and 
this line closes the triangle abe. Mark, by means of arrowheads, the 
directions of “the forces on the sides of the triangle, and it will 
be found that the arrows go rotmd the sides of the triangle in 
order. 

(c) Practical Problem : A Hanging Picture. —In Fig. 35, 
a picture is suspended by the same string A CB from a nail C round 

which the string passes. It is in 
equilibrium under the action of 
the following forces : (?) the 

weight W of the picture ; {ii) the 
tension T’l of the string along.4(7; 
and (m) the tension T.j, along JiC. 
As the same chord passes round 
C, Hi = Tz. The wt. W of Ihe 
picture acts verticallydownwards 
through the centre of gravity of 
the picture which is vertically 
below <7, i.e. W passes through 
C. The three forces, therefore 
m^t ^ in the point C, and are, moreover, in equilibrium. So by ^e 
principle of the converse of the triangle of forces, draw three lines ab, 
he and ca representing in direction and magnitude the three forces 
Wj Ti, and respectively. [It may be noted that if the value of W 
is known, the values of Tj and T^f which are equal, and which are 
represented by the lengths be and ca, are also known, because they 
are drawn to the same scale.] 

^ If the string is shortened as shown by the dotted line ANB, it 
will be seen, by applying the same principle, that tensions Ti and Vg 
of the string now will be represented by the sides bcj and cio which 
will be greater ^an be and oa respectively That is, the tensions are 
inm^ased. It is clear from this that if the airing is shortened too 
much, it is likely to break. 

50 . LamVe Theorem three forces acting at a point ie in 
equilibrium, then each is proportional to the Hne of the ahgle 
between the other two. 



Fig. 35—A Hanging Picture. 
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- -- - 

theorem, 


_ 0 - 


sin (Q,K) sin(B,P) sm(P. e) 

_P_=,Q __. 4 ,_ 

sin* Binfi sin tSBO^-c+ft} 

Tho converse of the Ijami^s theorem is 


That is, 



converse 

also true. That is, if three forces acting at 
a point be such that each is proportional to ?jfi* 36 

the sine of the angle between the other two, they mvAt be in 
equilibrium. • 


51. Polygon of Force* :— If any number of forces^ acting at 
a point, be such that they can be represented, in magnitude and 
direction, by sides of a closed polygon, taken in order they shall 
be in equilibrium. 

Suppose the forces P, Q, M, 8, and T acting at-a point O^are^^such 
that they can be respectively represented, both in magnitude and 
direction, by the sides AB, BC, CD, DfS, and EA of the closed 


^ £ 
P 


37 

polygon ABODE A (Fig. 37.J. Then the forces P, Q,'B, 8, and T 
shall be in equilibrium. • 

Join AC and AD. The resultant of forces .415 and PC'is, by the 
law of parallelogram of forces, given by AG. Similarly, the resultant 
of 41C and CD, by AD ; the resultant of AD and DE, h'^.AE. Hence 
the resultant of all the forces is equal to the resultant of AE and 
EA, t. 0 . the resultant vanishes. In other words, the forces will be in 
equilibrium. The above construction applies to any number of forces. 

TJhe converse of the polygon of forces is not true. 

52. Resolution of Force* :—We have seen above that two 
forces acting at a point in different directions can be confounded by 
the parallelogram law into a single resultant force. Conversely, a 
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single force acting at a point can be resolved into two components by 
constructing a parallelogram with the given single force as diagonal, 
when the two adjacent sides of the parallelogram meeting at the point 
of application of the single given force give the two components of it 
But as an infinite number of parallelograms can be drawn with a given 

diagonal, an infinite number of pairs of compo¬ 
nents can be obtained unless the directions of 
the components are specified. 

53. Components of a single Force in 
two assigned Directions : —Suppose P is a 
given single force acting at 0 along OC (Fig. 
38). Its components along the two assigned 
directions OA and OB wiU be given by the 
adjacent sides OM and ON of 3ie parallelo¬ 
gram OMCN. If P makes an angle < with OA 
and ^ with OB, 

and 

sm (<+^} sm («t+^) 



Fig. 38 



4, Resolution of a Force into two Components at Right 
e<*c/i other : —^This is in practice the most important 
of the resolution of a force into two components. 

Suppose OC (Fig. 39) represents a force P to be resolved into two 
components one of which is, suppose, in the direction OA making an 




Fig, 39 


angle •<. with 00 and the other is perpendicular to OA, In both the 
above figures, the adjacent sides OM and ON of the parallelogram 
OMCN give the desired components, of which 

OM=^P cos <, and ON^P sin <. 

55. Resolved part of a given Force in a given Direction :— 

The resolved part of given force (P) in a given direction (0.4) is 
the component OM in the given direction which together wifh a 
compouent ON in a direction at right angles to the given direction is 
equivsleiit to the given force (Fig. 39). Thus, the resolved part of P 
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aloag OA^OM^Pqo^ <<, i.e, it is obtained4)y mnltiplying the given 
force by the cosine of the angle between the given force and the given 
•direotion. 

The resolved part of a given force in a given direction represents 
the whole effect of the force in the given direclion. It follows, there¬ 
fore, that a force cannot produce any effect in a direction perpendi- 
oular to its own line of action, for the resolved part { P cos < ).of the 
force (P) in a direction perpendicular to its own line of action is zero, 
< being equal to 90“. 


S6. To find the resultant of a Number of Coplanar Forces 
4Kting txt a Point i —Lot Pj, Pg, P 3 , denote several coplanar forces 

acting at any point 0 (Fig. 40). Take any 
direction OX in the plane of the forces, 
and draw 0 Y, perpendicular to OX. 

Resolve each force into two compo¬ 
nents, one along the direction OX, and 
the other along 0 7. 

Let the components of Pi, P 2 , ^tc, 
along OX be X\, X^, etc., and compo¬ 
nents along OY, Yi, Yg, etc. 

Now, if X be the resultant of all the 
Fig. 40 forces along OX, 

X'^Xl-t’Xz'j’Xg’h . 

Similarly, if Y bo the resultant of all the forces along 0 Y, 
7 = 71 + 72 + 73 +. 

The whole system of forces is then reduced to two forces, X and 
7; and, if R be the resultant and if the resultant (P) makes an angle 
<, say, with the direction of X, P cos <=X, and P sin <= 7; by 
squaring and adding we have. 

P®=X2+7*=(Xi+X 2+X3+.)®+{7i+7a+78+.)*. 

Also, tan 7/X. 



57. Conditions of Equilibrium of any Number of Forces 
acting at a Point :—^If two forces acting 
at a point are in cquilibrium,4!iey must be 
equal and opposite. If any number of 
forces P\, I\, P 3 , P 4 , etc. acting at a 
point 0 (Fig. 41) be in equilibrium, then, 
according to Art. 56, 

P^=X^+ 7^=0, where P is the resul¬ 
tant of the’forces, and X, Y are the algeb¬ 
raic sum of the resolved parts of the Fig, 41 

forces in the two mutually perp. directions OX and 07. Now the 
sum of the squares of two real quantities X, 7 cannot be zero unless 
each is separately zero ; 

X=0, and 7=»0. 
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Then, the necessary cpnditions for the equilibrium of concurrent 
forces may be obtained as follows : 

(1) Equate to zero the algebraic sum ‘of the resolved parte of 
all the forces in some fixed direction. 

(2) Equate to zero the algebraic sum of the resolved parts 
of all the forces in a direction perpendicular to the former. 

The above two conditions are necessary and can also be shown 
to be sufficient. Conversely, if the algebraic sum of the resolved parts 
of all the forces in two mutually perpendicular directions be each 
separately zero, the forces acting at the point shall be in equilibrium. 

S8. Some Practiced Problems :— 

it) Why it is easier to pull a JUavn-roller on soft Turf 
than to push it .—When putting the roller by the handle, the force 
OA (Fig.‘42), representing the force exerted by the hand, may be 
resolved into two components ; one Oi?, acting horizontally, is efiFec- 
tive in pulling the roller, and the other OC, which is vertically 
upwards, acts in a direction opposite to the weight of the roller, and. 
thus reduces the pressure exerted on the ground, and so the normal 
reaction. Consequently, the force 
of friction (between roller and 
turf) opposing the motion is also 
reduced [vide Chapter VII ] and 
it becomes easier to pull tho 
roller. 

When pushing the roller, the 
force OiAi is resolved into two 
components OiBi and OiCi of 
which OiBi is effective in 

pushing the roller forward and OiCu acting downwards, adds to tho 
we^ht of the roller, and so increases its pressure on the ground. 
Consequently, the force of friction (between roller and turf) opposing 
the motion is also increased and it becomes more difficult to move 
the roller forward. 



Fig. 42 


(it) The Sailing of a Boat against Wind .—Ltet the line 

' PL represent the sail and let the 
fdree due to the wind be repre¬ 
sented in direction and magnitude 
by WK. Resolve the force WK 
>. into two components, one LK 
paraDel to, and the other NK 
perpendicular to, the surfcme of 
the sail (Fig. 43). 

The force LK acting along 
the suri^ce of the sail is ineffective and the effective component of 
the wind pressure is measured by NK. 

Now resolve KK into MK along, and DK perpendicular to,® the 
length AB of the boat The component MK drives the boat forward 
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■while ihe component DK tends to make tiie boat move at right angles 
to its length, i e. sideways. 

It should bo noted, ho\i^ver, that the component DK moves the 
boat very slowly at right angles to its lengthy the resistance to motion 
in that direction being very great. A 
rudder is usvially applied at A to neu¬ 
tralise this component. 

{iii) The effective Pressure of the 
Foot on a Bicycle Crank —In cycling, 
the effect of the pressure applied by the 
foot on the crank changes according to the 
position of the crank. In Fig. 44 when 
^the pressure of the foot is applied ver¬ 
tically downwards, with a force represen¬ 
ted by or, the component OB of it along 
the crank is lost, and the component OA, 
acting perpendicularly to the crank, is 
onhi effeetfve in driving the cycle. It is evident that when the 
pressure of the foot acts perpendicularly to the crank, the pedalling 
becomes most e'SPoctive because in that position no component of 
it is lost. 



iiv) Flying of a Kite —Lei AB he the surface of the kite 
[Fig. 45('j)j. Though the wind pressure acts on all parts on the under¬ 
surface of the flying kite, the total effect of it may be taken to" be 
equivalent to a single force CO acting at a point 0. The force CO 
may be resolved into two components, one 07) acting along the 
surface, and the other OE acting at right angles to it For the 
steadiness of the kite, OD is not effective, and the component OE is 



the effective part of the wind pressure. Besides the force OE due-to 
the wind pressure, there are two other forces, the tension T (repre¬ 
sented by 07) of the string, and the weight W (represented by ON) 
of the kite acting verticfdly downwards {Fig. 46 (i)J. The kite is in 
cquiUbrkim under the action of these three forces. For the kite to 
be at r#st, OE must bo equal and opposite to resultant of OT and 
ON, which is represented by OM. If OE increases, the kite will 
rise until OB is again equal and opposite to 0E» The weight 
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being constant, 0J2 may increase due to any increase* in the tension 
T. Again when the kite rises, the angle between Tand TT becomes 
less, and due to this also, their resultant OJR may increase. Similarly, 
when^ the wind pressure decreases, the kite will fall. When the 
niagnitude or direction of the wind pressure suddenly changes, the 
kite movcf irregularly, but this is diminished by attaching a tail to 
^e kite, which under the action of wind pressure, checks the sudden 
irregular movements. 

(v) F/ytng of am Aeroplane —It is seen, in the case of the 
flying of a kite, that wind pressure is an absolute factor. For this reason, 
when, at starting, the kite is near the ground, where there may be 
very little wind, the boy trying to fly the kite has got to run fast by 
holding the string. This produces sufficient wind pressure upon the. 
surface, due to which the kite may rise to a considerable height where 
there may be sufficient air current and the running may no longer be 
necessary. The faster the running the better the flight. In other 
words, there must be sufficient wind pressure on the surface of the 
kite to make it rise to a considerable height into the air. This may be 
obtained by the movement of the air or the movemei^ of the kite. 


If the string of a flying kite breaks, the equilibrium of the forces is 
destroyed, and the kite either trembles, or glides down to earth back¬ 



wards. If it were possible 
to attach to the kite just at 
the moment of rupture, a 
we^htless engine and pro¬ 
peller, exerting a pull equal 
to the tension of the string, 
the kite would remain sta¬ 
tionary. Besides this, if the 
wind pressure drops sud¬ 
denly and the engine gives 
the kite a motion in a suita- 


Fig. 46 ble direction so as to 

produce the wind pressure equivalent to the original one, the kite will 
again be stationary. If the magnitude of this wind pressure be 
increased by faster motion of the engine, the component OE (Pig. 46) 
will increase and the kite will move forward, and act as an aeroplane 
t.e. a self-supporting heavier-than-air machine. The boy, running 
with his kite in order to produce a sufficient wind pressure on the 
surface of the kite, resembles very closely an aeroplane in which an 
engine and propeller take the place of the boy, and like the action 
of the boy, the action of the engine and propeller produces sufficient 
wind pressure on the wings of the aeroplane. 


An aeroplane must have a minimum velocity of 50 miles *an hour 
in order to maintain its flight in the air, and if, any how, this speed 
be lost the machine cannot be controlled and the journey becomes 
hi|a^y dangerous. 
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Let AB represent the surface of the main wing of an aeroplane 
and OJ? the total wind* pressure acting at 0 (Fig. 46). OEm&yhe 
resolved into two components, one OC acting horizontally and the 
other OD acting vertically upwards. Besides these two component 
forces, the weight W of the aeroplane acts vertically downwards at 
• the centre of gravity of 
the aeroplane. At the 
time of starting, the 
engine makes the pro¬ 
peller rotate swiftly due 
to the action of which the 
aeroplane runs forward 
4 OB the ground, and, when 
the speed of the aeroplane 
becomes rapid enongh to 
make the vertical com¬ 
ponent of the wind 
pressure, namely OD 
'(Fig. 46), slightly ^greater than the weight TF, the aeroplane leaves 
the ground ^id rises. The forward motion of the aeroplane, besides 
creating wind pressure on its wings, as described above, also 
overcomes the horizontal component OC. 

Now the action of the two forces OD and TF (Fig. 46) would 
tend to turn the wing into a vertical position to prevent which there 
is a tail-plane ah^ like the tail of the kite. The wind pressure acting 
on the tail-plane, the angle of which is controlled by the pilot, keeps 
the inclination of the wing constant. 

'' The movable parts of the tail of the aeroplane modify the wind 
pressure so that the machine can ascend or descend according to the 
will of the pilot. The pUot also controls the rudder (Pig 47) which is 
attached to the tai^ and which works exactly like the rudder of a boat. 

59. Composition Velocities and Acceleratfons :—^The 
parallelogram law of finding the resultant as explained in Art. 46 in 

connection with two forces acting at a point, 
applies equa|ly also to the case of a moving point 
having two simultaneous velocities or accelera¬ 
tions. Hence, if a moving point has two velo¬ 
cities or ac,celcrations given by u and v inclined 
at an angle 6 and if /e be their resultant passing 
through tlie same point inclined at an angle < 
with the direction of then 
(1) and, 

••( 2 ). 



tan < = 


Fig. 48 

+2ur cos 
V sin 0 
u>¥v cos 6 

Examiriie : The toind bltnoe from a point intermediate bettoeen north and 
«a«f. The eouthemljf component of adoeity ie 5 m. p h. and the tceetemly 
component 4$ 12 m. p. h. Whait ie the velocity wftli which the wtfMt blotee ? 

(O. U. mi : Del. 1948) 
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(vide Att. 5d). Uie the equatioa, co!| d, where ««5, «s:12, 

0=.9O“, w»? The velocity of the wiad, V‘5*+^2*=13 m. p, h. 

60. Resolution of Velocity or Acceleration :—^Xhe principle 
of resolution as explained in the case of a force in Arts. 63 and 64, 
along any two assigned directions and two mutually perp. directions, 

applies wholly also to the case of a velo- 
^ city or acceleration. 

61. Triangle of Velocities :—^If a 
moving point possesses simultaneously 
* Q velocities represented by the two sides, 

AB and BC of a triangle taken in order^ 
49 tjiey are equivalent to a velocity given 

both in magnitude and direction by AC (Fig. 49). 


62. Polygon of Velocities: —If a moving point possesses simul¬ 
taneously velocities represented by tlie sides' ^ 

AB, BC. Cl) and UK of a polygon, the resultant T * "A 
velocity will be given by AE (Fig. 50). i \ 

63. Relative Velocity :—The velocity of ^ \ 

a body is usually given with respect to some • | , 

object which may be regarded as fixed. For • ^ 

example, the velocity of a body on or near the 

earth's surface is usually given with respect to Q 

i^ome object fixed on the earth. But sometimes 

it becomes necessary to know the velocity of 

one body with respect to another when both of them are in motion* 

Such velocity is called relative velocity and may be stated as follows: 


When the distance between two bodies is altering, either in dtreo 
iion or in magnitude or in both, thm either body is said to have a 
velocity relative to the other ; the relative velocity of one body B with 
reject to a second body A is obtained by compounding with the velO“ 
city of B a velocity which is equal and opposite to that of A. 

When those two bodies {A, B) are travelling in the same direction 
with uniform velocities u and v respectively, the velocity of B relative 
to A is thus (i^ — w); and soothe relative velocity will be zero when 
they travel wi^ equal velocity. "If they are travelling in opposite 
directions the relative velocity is tJ--(--t/), i.e. {v¥u). 


If the two bodies do not move on parallel 
lines but on lines inclined to each other, proceed 
as follows : 

Let the first body (A) move along OC with a 
velocity u whilst the second body along OiD at 
an angle 0 to OCwith a velocity v (Fig. 51). 
Resolve v parallel to OCand perpendicular to 
OG, the resolved parts being respectively v cos 9 
and V sin 0. So according to definition, the 
velocity of B relative to A, is (vcos^-w) 


I 



Fig. 51 
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parallel to 0(7, and (ysin^-O) perpendicular to OC, for m has no 

component in that direction. Thus, the velocity of B relative to A 

has, in this case, two components (r cos 9-ti), parallel to 00 and d 

sin 6, perpendicular to 00. The 

resultant of these two compo- fsj ^ 

iients gives the velocity of i? f 

relative to A. | . 


Example: A ahip 0tMfna dlte 
east at 6 Knot$* and another due north 
at 12 Rnot», Find the velocitjf of 
thefiret ahip relative to the tecond. 

la this case the observer is m the 
-second ship and so the relative velo- yy 
city B 18 obtained by compounding 
A-h^r velocity of the first ship. s,s. 5 
Knots due east with a velocity equal 
and opposite to that of the second, 
d,e. 12 Knots due south (Fig. 52). 


/. i?«V(5^+X2*) Knot6=13 
Knots. 

This relative velocity is inclined 
to the east at an anfle 6 given by, 
tan ; or. 0=tan-i 

Moment 



64. Moment of Mast :—The moment of a mass about a given 
point or plane is tlie product of the mass and the distance of the 
mass from the point (or jilane). 

Centre of Mass .—The centre of mass of a given body or 
a system of bodies rigidly connected together, is a point such that if a 
plane is passed through it, the mass-moments (moments of masses) 
< on one side of the plane is equal to the ma^.s-momenth on the other 
side. The centre of mass of all regularly shaped bodies lies at their 
geometrical centres. 


65. Moment of a force about a given Point -The 
moment of a force about a given point is the product of the force and 
f^e length of the perpendicular drawn from the given point upon the 
line of action of the force. The length “of the perpendicular drawn 
from the given point upon the lin§ t>f action of the force is called the 
arm of the moment. The moment, Aereforc, never vanishes unless 
(a) either the force vanishes, or (6) the arm of the moment is zero, ijs, 
the line of action of the force passes through the point about which 
the moment is taken. 


66. Effect of a Force applied to a Body :—^From Newton's 
first law of motion it follows that the effect of a force acting on a 
body is to make it move if it is at rest, or change its motion if it is 
already in priiform motion. Now motion may be either tiunslatory 
or ^ofaltor>^ The question then arises whelker a force extenudly 

*Ktioc==a speed ot 1 aea’.tmte pez uuuz. A aea'Cule is tbac arc of the earth's 
surface which makes an angle of 1 minute at the earth’s centre. The British 
Admiralty counts this distance to be 6020 feet. 
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impressed on a body will produce translatory or rotatory motion or 
both. The nature of the resulting motion depends on the position or 
point of application of the force to the body and on the condition in 
which the body is placed. If the body is free and the line of action of 
the force passes through the centre of mass of the body, the resulting 
motion will be translatory. If the line of action of the force does 
not'pass through the centre of mass of the body, the force produces 
translation of tiie body accompanied by rotation. 

To illustrate this last point, let us consider a plane lamina (a 
body of small thickness, 6,g. a piece of sheet-tin) 
whose centre of mass, suppose, is at C (Fig. 53). 

Let a force P act on the body in the direction 
shown in the figure and CN be the perpendicular 
drawn from C upon the line of action of P. To 
find the effect of P upon the body, imagine two 
equal and opposite forces Pi, Pg acting in the 
same line applied at the point C, each being 
equal to P and parallel to the line of action of P. 

These two sclf-ncutraiising forces Pi, Pg do not 
in any way alter the conditions under which P was* applied, P\ acting 
along CPit causes translation of the body in its own direction, whereas 
P and Pg together rotate the body in an anii-clockuyise fashion.* 
So in consideri^ the effect of a force upon a body, not only the 
magnitude and direction of the force are important, as pointed out by 
Newton's second law of motion, but the position or point of applica¬ 
tion of the force to the body is also important. 



(a) Physical Meaning of the Moment of a Force about 
a Point or Axis —^If a body is restrained or fixed at a given point 

of it or about a line, no translatory motion of the 
body is possible. I^t the plane lamina shown in 
/ ^ resting on a smooth table and fixed at 

/ / the point 0 by means of a nail or hinge, represent 

I O/ ^ I ^ body. 

I \ The effect of a force P acting on the body as 

i { ^ \ shown in the figure would be to cause it to turn 

\ N P y about the point .0 as centre and this effect would 
^ not be zero unless (1) the force P were zero, or (2) 


Fig. 54 force P passed through 0, when ON would be 

zero. The magnitude of the turning effect, or 
moment, will depend on (a) the magnitude of P, and (6) ^e length of 
the perpendicular ON drawn from 0 upon the line of action of P. 
The turning action will be proportional to P, when the arm ON is 
constant and proportional to the arm 0.^^when Pis constant and so 
it is proportional to the product (Px ON\ called the moment of P 
about 0, and is taken as a fit measure of the tendency of P to turn 

the body a bou t 0. The moment is also called torque. _ 

*ibe smii in which the hanos oi a clock rotate la called the lAochwis* 


direction and the ojpposHs aenaa ia called the anH-clookwiu ditcction. 
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(6) PoBttwe and Negative Momente. —^The momeiit of a 
force about a point op axis is a vector quantity. In Fig. 54, the 
moment of the force P about represents a/wrmwp tending 
to rotate the body about 0 in an anti-clockwise direction. Such 
anti-clockwiso (or contra-clockwise) moments arc, by convention, 
called jiositive moments. The moment of P' about the same point 0 
is such that it tends to rotate the body in the clockwise dire'ction. 
Such a moment tending to cause clockwise turning efiect is called a 
negative moment. 

(c) Algebraic of Sum Moments. —^Tho algebraic sum of the 
moments of a set of forces about a given point is the sum of the 
moments of the forces, each moment being given its proper sign, 
positive or negative, as defined above, prefixed to it. 

67. Principle of Moments :—If some forces in one 
plane acting on ‘a rigid body have a resultant, the algebraic sum 
of their moments about any point in their plane is equal to the 
moment of their resultant. If the body is at rest under the action 
of several forces in the same plane, the algebraic sum of the moments 
of the forces about any point in their plane is zero. That is, the 
sum of thb coiitra-clockwise moments is equal to the sum of the 
clockwise moments. 


68. Moment of inertia (or Rotational Inertia) ; —The part 
played by the mass of a body in linear motion is played by t]ic 
moment of inertia of the body in rototional motion,. In studying 
rotational motion, the moment of inertia and the angular velocity 
are to be used corresponding to mass and linear velocity in transla- 
tory motion. 

'' 69. Kinetic Energy of a Rotating Particle :—Consider a 

particle of mass m (Fig. 55) rotating about 0 
as axis in a circle of radius r with a constant 
angular speed w. Its jK.jE'.—^twX (linear 
velocity)®, at any in8tant=^x(M;f)®=^7wr*«7^. 

If7wr® = 7, we have K.E.^\IvP. The quanti¬ 
ties / and w in rotational motion thi» play the 
same part as mass (w) and veloc^ (r) in linear 
motion. The quantity 1 (“wr^) is called the 
moment of inertia of the particle of mass m 
about the axis 0, the distance of the particle 
from 0 being r. Fig. 55 

70. Moment of inertia of body about an Axis :—Con¬ 
sider a body EEO rotating round the fixed axis AB with constant 
an^lar velocity uf (Fig. 56). The body may be supposed to be 
built up of innumerable particles of masses, mi, mg, m$, etc. Let 
them be distant rj. r^, rs etc. respectively from the axis AJB. But 
each of* these particles has the same angular velocity w, though 
their linear velocities will vary depending on ^eir distances 
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from the axis AB. Kinetic energy of the body will be equal to the 
sum of the kinetic energies of these particles. ‘ 

K.K,^K.E. oim\'^‘K.'E.oiin2'\-K.E, 

of IW8 +. 

{wriY 

+ iw3 (>/Ta)®+'**. 

“il'Wiri® + Warg® + ..} x tt>®. 

The summation within the second bracket 
is usually written as Swr®. 

K.JE'.=^Smr® X i<;®. The quantity Sw*r® 
is called the moment of inertia of the body and 
is the sum-total effect of the product of the 
mass of each particle and the square of its* 
distance from the axis of rotation. That is I=»»*iri*+W 2 ra® + 
fngr8®+. 

[KK—^ X j (moment of inertia) x w® (sq. of angular velocity)]. 

Angular Momentum^ Lw 

= Smr® X w 

= mi(ri®X«;)4*»«2(r8®Xi/;)*4ims(r8i?X«;)+'- 

s=(wiri Xifj)ri+(w2r2Xtt’)r2 +. 

=(»*iVi)ri+(w2i^2)r2 +. 

sssum of moments of the linear momenta 
- of the particles constituting the body. 

— Moment of Momentum. 



71. The Radius of Gyration :—^If the whole mass of a 
body (Pig. 66) be supposed to be concentrated at a point such that the 
K.E. of this concentrated mass rotating about an axis AB is equal to 

K. E. of the body with distributed mass rotating about the same axis 

AB, then the distance (K) of this concentrated mass {M) from the axis 

of rotation is called tbe radius of gyration of the body about the axis. 
Thus, ^ 

/AB = 7»iri®+m2r2®+»i8r8®+.where A is the radius 

of gyration of the body. ^ 

72. Parallel Forces i — F(»rcea .whose lines of action are parallel 
are called parallel forces. They are Said to be like parallel forces 
when they act in the same direction and are said to be unlike parallel 
forces when they act in opposite directions. 


RULES FOR PARALLEL FORCES ACTING UPON A RIGID BODY 


(a) Like Parallel forces .—^They always have a resultant The 
direction of the resultant is parallel to the direction of the forces. To 
finii the magnitude and the point of application of the resultant of 
two like pandlel forces, say, P and Q (l^g. 57), at any distance apart, 
dam any line AB perpendicular to the lines of action of the. forces, 
theii the resultant force R will act through C on AB such that 
PXAC^Q^CB; 
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or, y~— % I'bat is, the point G divides the line A B internally 
OJj J * 


in the inverse ratio of the forces. 
From above, 

A_C^_Q__ 
AB G + P' 

AC= 


or, 


ip 


or. 


Ir 


1 


B 

Q 


Q-\-P 

Friiiation (l) ^ives tin* position of (7 
■wlu'ii P, Q and AB are known. The 

^ iiiftguitiidr of R=P+Q .(2). This resultant and a third like 

force may bo (‘ombined as above and a new resultant may be deter¬ 
mined. Procoodiufr in this way, the uitiniate re-.iiltaiit for any 
number of like ]>arallel forces may be found both in magnitude and 
po-iition of action. 


(6) Unlike parallel forces. —^If two unlike parallel forces are 
uneQual, they liiivc a resultant birce. lu* case of two unlike and 

eqaai parallel forces is discussed after- 
♦P wards under the couple. 



Draw any Urn* 58), perp. to 

the lines of action of Ihe unlike parallel 
forces P and Q, {P> 6*), and produce it to 

C such that CA. !*-=(.'Jl. Q .(1). I'liat 

i'!, C divides the line Ali extemally in 
the inverse ratio of tlie forci's. The point 
G gives the position through which the 
rcsultiuit force acts, its tiireetiou being 
the same as that of the gi“eater force P, 
and th(‘ magnitndc (/7)=P- Q .(2) 


73. The Couple :—Two equal lyilike parallel forces, whose lines 
of action are not tlie same, forn^ a couple. The per¬ 
pendicular distance between the* Jims of action of the 
two forces foianing a couple is ('ailed the arm of the 
couple. The moment of a couple is the product of one ^ 
ot the two forces forming the couple and the arm 
oi the couple. A couph' adiug ou a baiy vierts a 
turmnj effect on it and the moimuit of the couple, 
known also as torque, measures this turuiug eftoct. 

An anti-clockwise moment is conventionally taken 
as positive and a clockwise moment as negative. Thus 
in Fig. #59, the couple (/^, P) having arm AB tends P 
to produce rotation of a body in the clockwise dire- fig 59-A 

tion and thus illustrates a negative couple. Clockwise 

Couple. 









66 


INTERMEDIATE PHYSICS 


74. Theorems on Couples :—The algebraic sum olthc moments 
of the two forces forming a couple about any point in their plane is 
constant and equal to the moment of the couj)le. Tlu' etfeet of a 
couple on a rigid body is unaltered, if it be transferred to any plane 
parallel to its own, the arm remaining parallel to its original direction. 
Any number of couples in the same plane acting ni)on a rigid body are 
equivalent to a single couple whose moment is equal to tl>e algebraic 
sum of the moments of the couples. A single force and a couple acting 
in the same plane upon a rigid body cannot produce equilibrium. To 
balance a couple,, a couple of equal and oppobHc moment acting in 
the same plane or in a parallel plane is necessary. 

7 5. Action upon a Rigid Body :— 

(f) Case of three Coplonar forces producing equilibrium — 
If three forces, acting in one plane upon a rigid body, be sneli as to 
keep it in ecjnilibrinm, they must either pass through a common iioint 
or be parallel. 

(f?) Case of any number of Coplanar forces —Any s>'5tem 
of forces acting in one plane upon a rigid lu'dy can be reduc<‘d to 
eitlier a single force or a single couple. 

(ct) Conditions of Equilihrutn of a Rigid fioefy—Neecs'^ary 
and snllieient conditions for the cfiuilibrium of a rigid boily acted on 
by a system of (oplanar forces may be obtained as follows— 

Here both translation and rotation are to be taken into account. 
For no translation to take place, the resultant must be zero ; for no 
rotation, the algebraic sum of the moments of all the forces round any 
l>()int in tiieir plane must be zero. If all thi' forces [lass through any 
one point of the body, they cannot produce rotation, and the conditions 
of I’qiiilibrium arc the sam<' as those for a i>article {nde Art. 57). If 
they all do not iiass through the same point, proc(‘ed as below— 

I. Equate to zero the algebraic sum of the rcsoK cd [laits of all 
the forces in some fixed dircHitioa. 

2 .in a direction i>erpendicular to the former. 

3 . Equate to zero the algebraic snm of the moments of all the 
forces about any point in their plane. 

76. Vector and Scalar Quantities r—Any physical quantity, 
which requires both magnitude and direction for its eomplel^e specifi¬ 
cation, is called a vector quantity, and other quantities having magni¬ 
tudes only are called scalar quantities. Displacement, velocity, 
acceleration, force, etc. which involve the idea of magnitude as well as 
direction, are examples of vector quantities ; while speed, time, mass. 
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volume, density, etc. which have magnitudes alone and no direction, 
are scalar (luantities. * 

In repret^enting any v(‘etor quantity, tlic following tlir<>(‘ things, 
it) j)oint of application, [u) direction, and (/»') magnitude, hav(‘ to be 
eonsidtu-ed, as T)oint('d out already in the case of a force [tide Art. 
43 (u)!. Kciiiciiibering the abo^ e a suitable straight lino can be drawn 
to rep)‘es«‘nt an\ vector. 

Scalar (iiiantities can b(', as evident from thcii- nature, added or 
sidHracted aiithruetioally, but in dealing mth vector quantities, the 
1 > irallel<rgrani l.iw alread\ (>\plaine<l has to bo applied. U’he method 
ol finding the icsiiltant ol a nuinb< r ol vectors i*, called vector addi¬ 
tion or composition of vectors. 


77 Rene IXescartes {l.^)96—X().30):—Born in a noble iamil> of 
Touiaine in Kraiu'c, and receis ed earh < diieation in a Jesuit sehool 
Tic was pJucdl in thi' army m whuh he spent an arduous life in 


I)utch, B IV, ui ni, and Austrian ser\ iocs. Tic was tiuniicraimmially a 
])cis(m who did not accept the 
ancient Ixhcl"' without putting 
them to sj-'.-t* m.ttie .ind deductive 
ti'sts. A< cording to the ehureh 
niaudab's lu'cs ailing at that time, 
the ancient beliet'' were too holy 
to be i»ut to t<‘sts and any 
such tests \\ere uiilawlid. At the 
age of Iwi'uty-thri e, so he went to 
Holland ^^luTe he published his 
two famous books Df scout sc 
on Method and Meditation'^. 

Their contents antagonised the 
cliureh and lu' was eompcllcd to 
shift to Sweden in 1610. 

(Jeometr> ad\aneed little, after 
Euclid (3.10 ?—280 B.O.), till, 

Desoart,., took it up usiin ab,Hi* 
two thousind years latei. llis 

mathematical gifts truly rank him as the founder of analytical 
gconu'try. d’ue method of representing lines and curves with 
equations is due to him and ho is the originator of rectangular 
co-ordinates. The ‘Cartesian^ co-ordinates are so called after him. 
Tlio Certesian diver, a hydrostatic toy is also named after him. 
His invaluable dii'cct contribution to science is his successful applica¬ 
tion of Sn^ell’s law of refraction to the formation of the primary and 
secondary rainbows. Tliough ho calculated the semt-veriical angles 
correctly, the colours were left unexplained. This Newton did subse¬ 
quently. lie died in Stockholm but his coffin was canied to Paris 
where it was lain. 
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Questions 

1. Explain the termi ‘absolute motion’ and ‘relative motion’. Which of 

them ig mote important to man, and why 7 (Fat. 1932) 

2. Calculate the angular velocity in radians per second, of a particle that 
makea 300 i.p.m. What is the linear velocity if the radius is 4 ft. 7 

[Am. : 31’4 radians/sec.; 125 6 ft./sec.) 

3. Explain what is meant by acceleration of a point moving in a straight 

line. Show thilt when a body moves with a uniformly accelerated velocity in 
a straight line, the velocities at the ends of successive seconds are in arithmetic 
progre ssion. ( Pat. 1927 ) 

4. Derive the relation, jSasuf+l/i*. 

(Del. H. S.. 1949 ; Anna. U.. 1950) 

A train starting fiotn a station is uniformly gaining speed until after 2 
minutes it acquires the maximum uniform speed of 60 m.p b. What is the 
distance passed over by the train during the variable state of its speed ? 

[Am.: 5280 ft.] (C. U. 1957) 

5. A stone is thrown vertically upwards with a velocity of 160 ft. per 
second from the top of a cliff 120 ft. high. How high will the stone use 
above the cliff, and after how long will it fall to the foot pf the cliff ? What 
will be the velocity of the stone when it is 80 ft. above'thc point of projec¬ 
tion ? 

[Ana, ; (t) 400 ft,; («) 1070 secs, from the instant of throwing ; (Hi) 143'1 
ft. per sec.]. 

6 . A velocity of one foot per second is changed uniformly in one minute 

to a velocity of one mile per hour. Express numerically the acceleration when 
a yard and a minute are ^e units of space and time. (Pat. 1923) 

1 

\Am. : 9^ yds. per min.*.] 

7. Explain the rule known as the ‘parallelogram of forces' and show how 
it can be tested experimentally. 

(Utkal, 1947 : Anna. U. 1950 ; And. U. 1950 ; M. U. 1951; Pat. 1955) 

8 . (a) Define the terms ‘resultant* and ‘equilibrant’ of forces. Explain each 
by means of an examole. (6) State the law of triangle of forces and describe 
an experiment to verify it. (c) Three forces of 4, 5 and 6 gms.-weighc res¬ 
pectively act at a point and are in equilibrium. What are the angles between 
their lines of action 7 

[Am. : Angle between 4 and 5, 97 ° a 0 ' ; between 5 and 6,138" 36'; between 
6 and 4.124" 14'.] 

9. Enunciate and give theoretical and experimental venhtatinns of the 
proposition known as the Triangle of forces, (Pat, 1932. '34 ; .Nag. U. 1952) 

10. The following forces act at a point; 18 Ibs.-wt. due hast ISlbs.-wt. 
€0" North of East, 25 Ibs.-wt* North-west, 40 Ibs.-wt, 75° South of West. Find 
graphically the resultant force at the point, 

[Ana. •' 7*37 lbs.-wt. about 16° West of South.] 

11. Explain with the aid of a diagram the flight of a kite. (Pat. 1927, ’31) 

12. Explain why it is easier to pull a lawn-roller than to pu'^h it. ^ 

(U. P. B. 1941; Pat. 1941, *54) 

13. State and prove the law of parallelogram of velocities, 

(Utkal. 1954; Del. 1948) 
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14 A svimmer can swim in still water at the rate of 4 miles per hour. 
He wishes to cross a»tiver flowing along a straight cdutse at the rate of 2 miles 
per hour so as to reach the directly opposite point on the other bank. In what 
direction should he attempt to swim ? 

[Ana.; At an angle of 120® to the direction of the current.] 


15. What is meant by relative velocity 7 Show how it is determined. Give 
examples to illustrate your answer. (Pat, 1946 ; c/. Utkal. 1951, '54) 

A man walking on a road with a velocity of 3 miles per hour encounters 
rain falling vertically with a velocity of 22 ft./sec. At what angle should he 
hold his umbrella now m order to protect himself from the rain ? (Pat. 1946) 


[Ana .: 


tan 


- 1 ^ 

5 


with the vertical] 


16. To a man walking at the rate of 2 miles an hour the rain appears to fall 
v^rticftlly; wiien be incteases his speed to 4 miles an bout, it appears to meet 
him at an angle of 45**; find the real direction and speed of the rain. 

[Ans.; 45’; 2^/2 miles per hour,] (Pat. 1951; Utkal, 1951) 

17. A railway jiassenger observes that rain appears to him to be falling 
vertically when the train is at rest, but that when the train is in motion the 
rain-splashes on the window arc not vertical. Explain this and show how the 
relative velocities ot the tram and the rain-drops may be determined. Explain 
also why a passenger is thrown forward in the direction of motion of a train, 
when the velocity of the train is suddenly reduced. 

in a^oat rows at 2 m. p, h. relative to the water at nght-angles 
to the direction of the current of a river flowing at 2 m. p. h. Another man 
starting from the same point walks along the bank upstream at 3 m. p, b. How 
far apart will the two men be after six minutes ? 

[Ans ; 0 5385 mile,] 


19, A man walks across tbe compaitment of a railway carriage at tight 
ang es to the direction of motion of the train, when the train is travelling 
atlUm. p. h.; and walks back, with the same velocity relative to the train* 
when the train is travelling at 21 m. p. h. His resultant velocity in the latter 
case IS twice that in the former case. Prove that this velocity relative to the 
train is very nearly 3 7 m.p.h. 


20. When a train is at rest the rain-splashes on the window make an 
angle of 60° with the horizontal. When the train has a vcloc^''’ of 25 m. p. b., 
the splashes make an angle of 30® with the hoiizontal. Eind the velocity of 
the rain. (Utkal. 1948) 

[Ana.; 12'5 m.p.h,] 


21 . Define moment of a force and that of a couple. 

, (Nag. U. 1952 ; P. U. 1950) 

22. Define moment of inertia andsexplain its physical significance. 

(Poona. 1953) 

23. Write notes on moment of inertia and radius of gyration. 

(G. U. 1951; Bomb. 1954) 



OHAPTER IV 

NEWTON'S LAWS OF MOTION: FORCE 

78, Newton^s Laws of Motion :— 

The following three fundamental laws of motion wore enunciated 
by Sir Tssac Newton in lOSli. They coimtitnte the very ba-'is of the 
scicnc-c of Dynamics and so also of the science of Astronomy. These 
laws are almost axiomatic ; but nevertheless, the exactness with 
which the ])Ositions and motions of all earthly and eefestinl hodici>, can 
be predicted from calculations based on them, lends the strongest 
support to the truth of these laws. 

* (i) The First Law — Every body coniinms in its state of rest 
or of uniform motion in a straight line^ except in so far as it be 
compelled by any external impressed force to change that state. 

^(ii) The Second Lcojo. — The ^change of motion/ i.fi. the rate 
of change of momentum is proportional to the impressed force, and 
takes place in the direction in which the force acts. , 

« (Hi) The Third Law. — To every action there is an equal and 
opposite reaction. 

79. The First Law of Motion *:— 

rheistw^mbodics two aspects ; 

(1) The first aspect of the law provides us with the fundamental 
law of inert material bodies, which may be called the Law of inertia, 
according to which, inert bodies have no tendency ofto 
alter their stat<*s whether the state be a slate of rest or a state of 
uniform motion in a straight line. The fonuer tendency is referred 
to as inertia of rest, and the latter, inertia of motion. 

Illustrations of the First Law .— 

*(a) Inertia of Rest. —(0 A rider on liorseback experiences the 
effect of inertia, if the horse suddenly starts galloping, when the upper 
part of his body leans backwards. TJiis is becau.se the lower jjart of 
the body moves forward with the horse, while the upper part tends 
to continue in its position of rest due to i?ieriia of rest, {ii) Due to 
the same reason a passengtjr standing or sitting loosely in a car falls 
backwttds when a train or a tram car suddenly starts. {Hi) The 
dust particles lodged between the threads of a woollen coat fall 
off when beaten by a stick, because when the coat is suddenly set 
iu motion, the particles tend to remain at rest. ('>0 VV'hen a stone is 
thrown at a window pane, the jiano is smashed but a high speed 
bullet fired against the pane makes a clean hole because tlie glass 
surface near the hole cannot share the very quick motion of the 
bullet and so remains undisturbed as before, whereas in the first case 
the shock is felt on the whole glass surface. 
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A $imple experiment on the inertia afreet —^Takc a ball and 
put it on a card Just above a hollow 
cup fixed on a vertical stend (Fig. 60). 

A strip of metal acting as a stiff 
spring is fixed vertically on the 
base and its upper end (which is at 
Least in level with the card) is drawn 
to a side and clamped. When the 
spring is released from tlie cJaini), 
it jumps back and strikes the card. 

Tlie card is thrown away by the 
impact, but the ball on it, owing Fig. 60 

to inertia of rest, falls down on the cup. 

' '(by Inertia of Motion, —(<-) A perhou alighting, without 
precaution, from a moving tram, is thrown forward. (*?) When at 
full speed if the horse stops suddcmly, the rid(T on it will be thrown 
over th(> head of the house. Jn each of the above cases, the lower 
part of the porsou comes to rc.st suddenly, while the upper part, due 
to inerti.i of motion, eontinues in the previous state of motion and so 
the ])erson, lulls forward. (uO A ball thrown vertically upwards in 
a running train eomes back to hand also vertically, if tlie motion of 
the train is not changi'd in the meantime, because the ball retains the 
same horizontal motion which it acquired from the train, (fr) A 
pendulum bob once set in motion goes on oscillating for some tuiv'i 
and (r) also a cyclist paddling a free wheel bicycle enjoys rest for 
spine time due to inertia of motion, {vi) Before taking a long- 
jump an athlete runs from a little distance in order that the inertia 
of motion might help him in his exertion to jump. 

(2) The second aspect of the law provides us with the definition 
of force. The idea of forc<‘ has really been derived from this 
aspect of the law. As an inert body must continue in its state 
of rest or in its state of uniform rectilinear motion as the case 
may be, unless impressed foroo.s act on it to change its state, wo find 
from this that a force is that which tends to set a body in juotion or 
to alter the state of motion of a body ofi which it acts. 

Force. —It is not possible for any inert body to (‘hauge its state 
by itself, wheth<‘r the .stitc be of rest or of motion. The change 
whatever it is, <*an only be effected by some external cause, which 
is termed force. Hence a force is that, wkick acting on a 


changes or tends to change theslaieofrest or of unif orm motion of 

dv 

erived from Newton's fir.st law of motion. 

80. The Second Law of Motion :— 

Momkntum*. —It is a property, a moving body possesses, by 

'•'Newton used the expression 'change of motion’ instead of ‘change of 
momentum', ‘Motion of a body’, he states, ‘u the quantity siting out of its 
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virtue of its mass and velocity conjointly, and is measured by th& 
pf'oduct of mass and velocity. 

For instance the momentum possessed by a 400-ton train moving^ 
with a velocity of ^ mile per minute is equal to the momentum 
possessed by a 200-ton train moving with a velocity of 1 mile per 
minute. For, 400 x ^=200 x 1. 

The great havoc sometimes done by a cyclone is due to the great 
momentum of the moving mass of air. The mass of air may be small, 
but its velocity is very great, and so the momentum (?.e. mass x 
velocitj’) is large. 

By taking the hammer at a distance before striking a nail in order 
to drive it into a piece of wood, a greater velocity of the hammer is 
acquired and consequently a greater momentum is obtained. 

[N.B, It must be noticed that momentum at any instant => 
mass X velocity at that instant (and not mass X speed), i.e. momen¬ 
tum is a vector quantity and it should also be noted that there is no 
connection between the momentum of a moving body and the 
moment of a force (Art. 65)j. 

81. The Units of Momentum :—Unit momentum is the 
momentum possessed by unit mass moving with unit velocity. 

The C. G. S. unit of momentum is The P. S unit of momentum 

the momentum possessed by a is the momentum pos'^essed 
“ 7nass of 1 gm. movifig with a by a mass of 1 lb moving 

velocity of 1 cm. per sec. v'ith a velocity of 1 it. per sec. 

82. Measurement of Force : —I'he second law of motion 
gives us a method of measu? ing force. 

Ijet a constant force P continuously act on a particle of mass m 
and let u be the velocity and f the acceleration at any instant of time 
during the action of the force. Then, by Newton’s second law 
of motion, 

P “ rate of change of momentum [m. u) of the particle 
« (m X rate of change of p), for the mass m is constant. 

“ mf 

•= kx mf where ifc is a constant. 

Now, if w^e choose our unit of force as tliat which acting continu¬ 
ously produces init acceleration in unit mass, we have 7?i=:l,/=! 
when P=l. Hence k must be equal to 1 and we get, 

F-m/. (1) 

Hence, we may write, force=mass x acceleration. 

masa and valoeiiy conjointly*. The idea contained in tbiii ejfpression is this t 
A marble swiftly movinft over the door has more 'guanltly of fpo/«o»* m it 
than when moving slowly. But a heavy toller, though moving slowly, haa 
more ‘quantity of motion* in it than the swiftly moving marble. That i«, 
the product of the maaa and the vdooUy u a measure of the ’quantity oi 
motion*. Evidently, Newton meant by ‘motion what we call momtnhm. 
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83. Verification of Newton*s Second Law of Motion 

According to -the second law, a given force (/^) acting upon a given 
mass {m) always produces a constant acceleration (/), as given by 
p= rnf. To verify it, the motion of a body falling freely under gravity 
may bo observed. The driving force here is due to gravity (Art. OB)* 
and may be, for all practical purposes, taken as constant. The accele¬ 
ration with which the body falls, the acreierahmi dm to grai tty, (Art. 
97) is found to be constant [mde Determination of q by A'twood^s 
machine or Ly the falhng plate method, Guinea and Feather experi¬ 
ment, Arts. 101) <fe 110). The samotrutli is also established by an tricli- 
ned plane method |Art. Ill (r;)]. where the driving force, for a given 
inclination of the plane, is a constant fraction of the force of gravity 
and the ball rolls down with an acceleration which is found constant. 

An easy and convenient method of experimentally pioving the 
second law is by means of a Fletcher^s Ti alley 

Description of the Fletcher*s Trolley Apparatus —^A 

schematic diagram of the apparatus is given in Fig. 01, while the 
actual apparatus is shown in Fig. 62. It consists of a stout metal bed 
Bi, about one and a half metres long, with two parallel rails 
(i?, h) fixed longitudinally on it. The bed is provided with lovelhng 



Fig 61 

screws [L). A trolley (7) provided with wheels can run on the rails 
almost without friction. To prevent a head-on crash, the front 
end of the bed has ^ 

two projecting springs A 

{S, S called friction y 

brakes, which arrest 
the moving trolley at 

this end. A specially fl 

made paper tape 11 

(A) has its one end 11 

attached to the trol- U 

ley, and passing over i 

a smooth pulley (Y) B 

fixed at the end B^ v.- co 

of the bed has at its 

other end a hanger on which a suitable load m may be placed, whose 
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weight acts as the driving force. Fi and F 2 are two end frames 
.fixed at the two ends Bi and B 2 of the bed. By means of a thread 
iiic trolley may be tied to Fi, if required. 

The frame F 2 has a metal reed JD fixed to it and placed lengthwise 
with the bed holding an inked brush C vertically down whose free 
end is in touch with the tape. The reed can be swung a bit so as 
to make it vibrato at right-angles to its length, when the brush traces 
out a wavy curve on the tape below as the latter is made to move 
across it. 


Experiment.—The bed is made horizontal by moans of the 
levelling .screws in order that the trolley may actually run on a 
horizontal surface. The metal reed is drawn a little at right angles 
to itself and then let go, when it vibrates to and fro. Its time period 
(T) is determined with the helj) of a stop-watch by oovnting a definite 
number of vibrations. By mt^ans of a thread the trolley i.s ti(‘d to 
the end-post Fi and a suitable load put on the hanger at the 
hanging end of the tape. The thread is then cut, when the 
trolley begins to move forward under the pulling weight 0/ig). The 
inked bruvsh traces out a wavy curve (Pig. 03) on •the tape. The 
time period of the tracing point being constant, such a 
curve can be conveniently used to measure short inter¬ 
vals of time accurately. The tape is taken out .and placed 
flat on a table and a straight line, which serves as the 
reference line, is drawn centrally from on<‘ end to the 
other of the wavy curve. The points of intersection of 
this line with the wavy curve being marked, the distances 
a/>, /jc, cd, etc. whie.h are for three consecutive points 
h of intersection arc accurately measured. The average 

n velocity of the moving system during the interval ab is 

I) af>lT, and the same for the suc.cessive intervals are bclT, cdlT, 
etc. The increase of velocity in the interval be over that 

of the preceding interval ab is whence accelera¬ 
tion is • This acceleration, whatever is the interval 

from which it is determined, is found to be the same. Thus 
the acceleration is constant, when the driving force and the 
mass moved are constant. This verifies the second law of 
motion. 

S4. The Impulse of a Force : — The impulse of a 
(f I force dieting on a body for any time is the product of the 
^ force and the time for which the force acts. 

Hupposo a particle of mass m moving at any ii^stant 
Fij. 63 with velocity u is acted on with a constant force P for time 
Now P^mf if / be the acceleration produced. If the velocity of 
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the particle at the end of an interval t measured from that instant 
be Vy 

* P X 

l’ = M + /V = M+ — 

^ m 

Hence, by transposition, impulse (2) 

That is, impuhe—change of momentum. 

« 

85. Impulsive Force ;— 

An impuhirc force isi a large torcp acting on a body for a short 
time<. the impulse of the force being finite but the displacement of 
the body during the short interval negligible. It.s vjkole effect is 
given by its impulse only. 

" Su])posc the initial position atid motion of a body an* known 
wIjcu a foroo begins to act on it. The cfFoet of the force on the l)v)dy 
ill bo t»<'neiMlly wholly known, if the Hnnl position and motion of 
the body can bo known, 7.e. if the di'^plaeenient it causes and 
the chani>e of inornentiim it produces, be known, In the case of an 
iinnulsiv<‘ force the displacement beinj^ ncgliijible, its whole efleet 
will, therefcjre, bcigiven hy the chanLCe of momentum it produces on 
the body, i.e. its whole eftect is given by its impulse. 

h''or a body initially at rest, tt =0 and therefore eciuation ( 2 ) 
becomes, Pt = mv .( 3 ) 

86 The Unit of Force : —From what has been shown above, 
the unit of Force may be defined as, (>) That force U'hich acting on 
a unit mais produces unit aceeleration [see equation (1), Art. 82]. 

(/?) That force which acting for unit time on unit mass initially 
at rest creates in it unit velocity [see equation (2), Art. 84j. 

(i*t) That force which acting on any mass at rest for unit time 
produces in it unit momentum in the direction of the force [see 
eciuation (3), Art 85j. 

Two systems. —^'Fherc are two systems of force-units, (a) the 
absolute, and {b) the gravitational. Tl^e absolute units do not vary 
throughout the universe, but the ^disadvantage of the gravitational 
units of force is that they are not constant, because they dejiciid upon 
the value of the acceleration duo to gravity ( 9 ), which varies, though 
slightly, at difTorent places (see Art. 98). 

(a) Absolute or Dynamical Units of Force .— 

Dyne Poundal 

The C. O. S. absolute unit of The F. P. 8. absolute U/rdt of 
force is called a dyncy which is force is called a poundal, which 
the forcB% that can produce an is the force that can produce an 
acceleration of one cenlimetre per acceleration of one foot per se- 
seoondper second when acting on cond per second when acting on 
a m%ss of one gram. a mass of one pound* 
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ib) Gravitational iJnit, —^The weight of a body is the force 
with which it is attracted by the earth. The acceleration with which 
a body falls freely is denoted by 'g* the valu'e of which in the F.P.S. 
system is 32 2 ft. per sec., per sec., and in the C. Q. S. system the 
value is 981 cm. per sec. per sec. So— 

{i) The weight of 1 lb., i.e. a force of 1 Ib.-wt. acting on a mass 
of 1 lb., produces an acceleration of 32’2 ft. per sec. per sec. 

But the force of 1 poundal acting on a mass of 1 lb. produces an 
acceleration of 1 ft. per sec. per sec. 

Weight of a pound (also called a pound-weight written 
as Ib.-wt.) = 32‘2 {i.e. g) poundals. 

m pounds-weight (m lbs.- wt.)—mg poundals. 

Hence, a force of 1 poundal=l/32’2 of weight of one pound 

=wt. of 16/32’2 oz. 

= wt. of half an ounce nearly. 

(«) Again, the weight of one gi’am, which is expressed as a force, 
of 1 gm.-wt., actiug on a mass of 1 gram produces ai; acceleration of 
981 cm. per sec. per sec. 

But the force of 1 dyne acting on a mass of 1 gram, produces an 
acceleration of 1 cm. i)er sec per sec. 

' .'. Weight of a gram (called a gram-weight) = 981 {i.e. g) dynes. 
m grama-weight {m gms.-wt)=mg dynes. 

Hence, a force of 1 dyne=1/981 of a gram-weight. 

Generally, if m lbs. be the mass of a body, the only force acting 
on it is its weight, W. ISo, by substituting W for P, and g for fin the 
formula, P=mf we get, H^=mg’; 

i.e. weight of a body (in dynes) = mass (in grams) xg ; 

(where g = 981). 

and weight of a body (in poundals) =mass (in lbs.) X g ; 

(where g=32’2). 

Note .—A force of 1 dyne can be practically realised by the weight W of 
one milligram ; TF=smy=l/1000x 981«l dyne (nearly) ] 

The gravitational unit of force is the weight of unit mass. 
Hence— 


The C. Q. S. gramtational miit 
of lone is a force equal to the 
Height of a gram. 


The F.P.8.-gravitational unit 
of force is a force equal to the 
weight of a pound. 


.*. The gravitational unit of force—g x absolute unit of force. 

[Note —(i) The weight of a pound has different values at dififer- 
ent places of the earth due to the difference in the values of g. 
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(w*) The formula, P—mf^is, true only when all the forces are 
^expressed in absolute ’units, i.e. in poundals or dynes, and not in 
pounds-weight or grams-weight. 

{Hi) In solving problems using the above formula, (a) reduce all 
the forces into absolute units (if they are given in gravitational units, 
4.e. in Ibs.-wt. or gms.-wt) by multiplying with the corresponding 
value of g. 

{iv) Finally, if necessary, reduce the forces to gravitational units 
by dividing by ‘p^|. 

87. Relation between a Dyne and a Poundal :— 

1 Poundal ~l/32’2 of wt. of a pound 

= l/32‘2 x453'6 wt. of a gram 1 pound =453T» grams.) 
= 9^1/32‘2 X453‘() dynes ('.■ 1 gm.-wt.=981 dynes) 

= 13,800 dynes (in round numbers). 


Examples— {!) Express in dynes the force due to 1 ton weiifht (g=9Sl A 
cms. per sec.®). # 

1 ton-weight=2240 lbs.-wt,=2240 X453 6 gms.-wt. 

= 2240 X 453*5 X 981 4 dynes =9*97x10'* dynes. 

(2) A force egwsl to the weight of 10 lbs acting on a body generates an aceeleru’ 
tion of 4 ft per sec per sec Find aut the mass of the body. 

Here P = wt. of 10 lbs.= 10x32 poundals ; f—A ft. per sec. per sec. • 

By the formula P=mf, we have 10x32»'»»X4, or, m=80 lbs. 

(d) A train weighing 400 tons is travelling at the rate of 60 miles an hour. 
The speed of the train is reduced to 16 miles per hour in SO seconds. Fmd the 
average retarding force on the train, 

400 tons=400x2240 lbs.; 60 miles an hour=88 ft. per sec. 

15 miles an hour>»22 ft. per sec. 

We have, by equation (2), Art 84, Ptssmv—mu. 

or. P X 30= (400 X 2240 X 22) - (400 X 2210 X 88). 

P= ^- =-1.971.200 poundals. 

ft 

(4) On turning a corner a motorist rushing at 45 miles an hourfindi a child on 
the road lOQ ft ahead He instantly stops the engine and apph^s brakes so as to 
stop within 1 ft, of the child (supposed stationary) Calculate the tine required 
to slop the car, and the retarding force {Car and the paasenge,' weigh 2000 lbs .) 

{Pat. 1939) 

Here tt=45 miles per hour=66 ft. per sec. 

The final velocity t>=0, and the distance travelled before the car stops 
= 100-1=99 It 


If/be the acceleration generated by the force we have, v*ssu* + 2fSi 
or, • 0=66*-l-2/x99 ; whence f'^2xt9 ™ 


Again, ; or, 0—66—22*; whence <=66-: 22*3 sec.; 

or, the time requued to stop the Car=3 secs. 

The retarding force, P=m/«20(X) x 22= 44.000 poundals. 
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(5) A eotukmt force acta for 3 eeee. on a maaa of 16 Iba, and then ceaaee 
to act. During the next 3 aeea the body deeeribea 81 /<. Find out the magnitude 
of the force in Ibe.’tot, end poundale {AcceUralion due to gravity = 32 ft, per eee 


per see) (Pat 19il) 

If the force F acti for t seca , the ittpulse Pxt=m(v- u). 

Here w=0 : we have Px3a:16e.......(1) 


After the force ceases to act, the body describes 81 ft, in 3 secs. So the 
uniform velocity during this period es*81/3&27 ft. 

From (1), Pas 144 poundals (or, ^^,5 **4 5 Ibs.-wt.). 

m 

Otherwiae thus — 

The uniform velocity during the last 3 secs.=8l/3=27 it. 

So. 27 ft. is the final velocity of the first 3 secs. 

Hence, considering the first peiiod of 3 secs, we have, 

«=0 ; 27 ; /«? 

; or, 27a=04'/X3 ; /=27/3=9 ft. per sec.*. 

Hence P5am/a5l6x9asl44 poundals : ( or, 4 5 lbB.-wt). 

88. Physical Independence of Forces -Tlv lattf r piii-t of 
Newton’s second Liw of motion btutos that tlic chantje of motion 
prodncctl by a force takes place in the direction of tlie force. 

If two or more forces act simultaneously on a body, each force 
will produce the same effect independently of others. Hence their 
combini'd effect i.s found by considering the eflect of each force on 
the body independently of others and then coiniiounding their effects. 
This principh' is known as the Principle of Physical Independence 
of Forces. 

« 

Illustrations :—(0 A stone dropped from the top of the mast 
of a ship, which is travelling without rolling, falls at the foot of the 
mast, whether the ship be in motion or not, and tlie time taken by the 
stone to fall is the same in the two cases. 

This is because the two forces, the vertical force of gravity and 
the h{)ri/.onta] force due to W’^hich the ship moves forward, act 
independently of each other, /.c. one is unaffected by the other 
and acts in its own direction in full. The stone at the point of 
being dro]>ped has the same horizontal motion as the shij) and this 
continm s unabated during all the time the stone movc.s downwards 
on being dropped. iSo with respect to the nia.st the stone is at 
relative rest so far as the motion in the horizontal diri'ction is 
concerned. Evidently, it must strike the foot of the mast, when 
dropped down, though the ship is in motion, as it does on being 
dropped when the ship is at rest. The time taken by the fall in both 
the cases will be equal, because the distance covered in b^th the 
cases being the same, it is governed only by the force in the vertical 
direction, i.e. the force of gravity which is unaffected, according 
to the above principle, by the motion of the ship in the horizontal 
direction (which is without any component in the former direction). 
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(/i) A circns rider is another good illustration. When in the 
course of running, thh rider jumps in a vertical dirc'ction from the 
horse^M back, his horizontal velocity, which is the same us that of 
the horse, remains unchanged and independent of the vertical velocity. 
For this rt'ason he is able to alight again on the horse^s buck and 
does not fall behind. 

S9. Pull, Push, Tension, and Thrust :—There are several 
ways in which a force may be exoirtod, the most familiar of tliesi* 
being by path or pushes. 

A Pull ia> usually ap])lied along home length of a substance, 
us for ex{mi])l(‘, along a string, or u chain ; and it is said that tlie 
'string is in a state of temhm. The puU is also spoken of as 
a tension. X [Mill may, as well, be c\(‘rt('d along a rigid substance, 
say, a rod, etc. 

A Push cannot be excried along flexible' substances like strings or 
tlireads. Pu'^hes can only be ap[>lu*d b) rigid sub''tances. 

A push dist»ibut(‘d over an arc'a is ofbm spoken of as a thrust. 
If any one jirc's^es a stoni' with his finger, the finger exerts a thrust 
on the stom; tending to [nish it awaj. 

90. The Third Law of Motion :— 

If one body exerts a force on a second body, the second b6dy 
exerts an (Hpial and opposite force, called tlie reaction of it, on the 
first. The mutual force (per unit area) between two bodies is known 
as stress. So the tliird law is also sometimes called the law of 

Reaction or the law of Stress. 

This law is a result of experience. It states that the action 
between two bodies is mutual. The law is true uheiher the two 
bodies corner tied are at rest or in motion and whether they are in 
contact or act from a distance. Since every force must necessarily 
be accompanied by an. equal and oppositely directed reaction, all 
forces in nature are in the nature of a .stress between portioub of 
matter. • 

A 

0 Illustrations of action force and reaction force ,— 

Imagine .i body of fV Ibs.-wt. resting on a table. This weight is 
exerting pressure downwards on the table. But if W were the only 
force, ^e weight would have gone through the table. As is does not 
do so, its motion must have been resisted by an equal and opposite 
force M, called the reaction exerted by the table upwards along the 
same line of action when W acts on the table downwards. 

(/'O, When there is a load on a hand, the hand is subjected to a 
downward force by the weight of the load, and the hand also applies 
an equal force on the load. If now, the hand is moved with the load, 
an additional force must be applied to the hand. 
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{ill) If a man. raises a weight by a string tied to it, the string 
excrte on "me man^s hand exactly the same force as it exerts on the 
weight but in the opposite direction. 

(iv) A ladder loaning against a wall presses on it and tends to 

push the wall back. This action is equal 
and opposite to the counter-thrust called 
the reaction, exerted on the ladder by the 
wall, which keeps the ladder in position. 

^ (z') ^When a man, at the time of walking 
(Fig. ^ 61), presses his feet against the ground 
slantingly in a backward direction, the 
reaction force of the ground has a subs-* 
tantial component in the horizontal direc¬ 
tion forward. Tliis enables the man to 
advance. 

It is to be noted that it is difficult to walk over a slippery 
ground because sufficient pressure of the feet caunot be exerted 
filantingly on the ground on account 
of friction being small and so the 
reaction force is not sufficient. 

(/’») A boatman presses one 
end of a bamboo pole against the 
ground [Fig. 64 (a)J and the boat 
on the water moves forward. Here 
tho bamboo pole presses the earth 
and tiu‘ <‘arth sets up the reaction 
force along the pole in the opposite 
dire<*tiou. The oompommt c>f this 
reaction force in the horizontal 
forward direction communicated to 
the boat through tho boatman 
makes tlie boat move forward. 

(n) When a magnet attracts a piece of iron, the iron also attracts 
Ihe mamiet with an equal and oppositr* force {mdft Magnetism, l^art II, 
Vol. 11). This may be verified by holding the magnet in hand and 
suspending the iron in front of it when the iron moves towards the 
magnet and repeating the experiment by ludding the iron In hand and 
Hus))ending the magnet in front of it at the same distance when the 
magiu‘t moves in tin* same way towards the iron. If the action of the 
magnet on the iron is the actitm-foree, that of the iron on the magnet 
is the reaction-force. 

• AT.B. Newton's third law of motion really gives us an insight into 
how forces act in nature. The assertion of the law is that forces 
never exist singly; whenever they appear, they appear in pairs. If one ©f 
them is an action-force, the other is a co-existent equivalent opposite 



Fig 64(o) 
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force to be eallod its reaction-force. The question then arises “If a force 
a.cting on a body has an equal and opposite reaction, why shotiM ^e 
body move at all ? The body moves because the action and the reaiion 
do not act on the same body or the same part of the body. Ta^e 
for example, the case of a body falling to the earth from above. The 
earth exerts a gravitational attractive force {vide Chapter V) on the 
body which being of small mass moves towards the earth. At tiie 
same time, the small body attracts the earth towards itself with an 
equal force which is here the reaction-force. But this reaction-force 
acts on the earth and not on the body. The earth, being very massive, 
does not appreciably move towards the body under such a small force. 
Thi^ in considering a mechanical problem what is needed at the 
beginning is to ascertain the particular body whose motion we want 
to consider, and then look out to ascertain which force, the action- 
force or the reaction-force, acts on the body. 

{viii) Horae pulling a Cart. —^This is another example which 
shows the equality of the action and reaction forces contemplated 
in the third law of motion. 

Let a cart C be pulled by a horse H (Fig. 65), the two being 
connected by a string. The tension T in the string exerted by the 
horse pulling the cart C forward 
is the action force and the tension 
T exerted by the cart on the horse 
pulling the horse backward is the 
reaction force. How is the motion 
of the system possible inspite of 
the fact that the tension T in the 
string is always equal and 
opposite ? ^‘8* ^5 

The horse's foot exerts a force on the ground downwards in an 
oblique direction, and, in conhoquence, the ground produces an equal 
reaction R on the horse's foot in the opposite direction. The vertical 
component F of this reaction supports the weight of the horse, 
and the horizontal component F tepds to drive the horse forward. 
The whole system moves forwgi.rd provided F is large enough to 
.overcome the frictional force f between the wheels of the cart and 
the ground. 

The relations between T, F and fare given by, 

F- T‘=^mx, and ST— f=* Mx, when sc == common acceleration of horse 
6r cart, whose masses arc respectively m and M. By addition, F-^f^^ 
{m+M)£. 

N.B. —^It should be noted in the above illustrations that (a) the 
reaction lasts only so long as the action is present; (6) the action 
and re^<ftion act on different bodies and never on the same body and 
so they can never produce equilibrium, because for equilibrium two 
«qual and opposite forces must act on the same body. 
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91. The Principle of Comervation of Linear Momentum f— 

When two or more bodies move under their mutual actions and 
reactions only^ and no external forces act on the system, the sum-totat 
of their momenta along any direction is constant. The law holds 
both for finite and impulsive forces. 

Let two bodies A and B move under their mutual action and 
reaction only, there being no other external forces acting on them. 
Then, by Newton's third law of motion, the action of on ^ at any 
instant is equal and opposite to the reaction of B on >4. A^in, so 
long as there is action, there is also reaction. That is, me time 
for which the two forces {action and reaction) act is the same for both. 
So, the impulses of the two forces are equal and opposite. That is^ 
the change of momentum produced in A is equal and opposite to the 
change of momentum produced in B. In other ^ words, the total 
change of momentum of A and B, taken together, is zero, which 
means that the sum-total of momenta of A and B along any direction,, 
is unchanged. 

The result can be extended to the case of any number of bodies- 
moving under conditions as stated above. * 

lllnetratione. —(t) When a man jumps from a boat to the shore, 
it is well known that the boat experiences a backward thrust which 
displaces it away from the shore. It is due to the impulsive force 
exerted by the man. The change of momentum of the boat caused 
by the force is equal and opposite to that of the man. 

(ti) Motion of a Shot and Gun .—When a gun is fired, the 
powder is almost instantaneously converted into a gas at h^h pressure, 
which by expansive action forces the shot out of the muzzle. The 
force on the shot at any instant, before it leaves the muzzle, is equal 
and opposite to that exerted on the gun backwards. The time for 
which both these forces ( action and reaction ) act being the same, 
^eir impulses are equal but opposite. So the change of momentum 
of the shot is equal and opposite to that of the gun. But both the 
shot and the gun being initially at rest, the momentum produced 
in the shot is equal and opposite to that in tlic gun. 

Suppose m and M are the masses of the shot and the gun respec¬ 
tively, V the velocity with which the shot emerges from the muzzle and 
F, the recoil velocity of the gun, supposing it to be free to move. 
Thus, «di;-0)=A/(F-0); or, mv=MV. 

Example : H it fired from a gun. the mate of tehidi ia 2 iona, wth 

a veloeiiy of 1000 ft. per eeo Find the •nttiol vdooity of recoil of the gun. 


Let 1* be the initial velocity of recoil o! the gun. The backward momentum 
of the gun is equal and opposite to the forward mooicntum of the shot. Now» 
momentum of the shot*14Xl000 ft.«lb.>sec. units. 

Momentum of the gun = (2X2240) X« ft..lb..sec. units. 

(2 x 2240) X«» 14x1000 

— 14X 10C0_ij,i 
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92. Circttlcsr Motion :—If a particle is constrained to move 
in a circular path of Radius r with a uniform speed w, it must have 
at any instant an acceleration of magnitude v^fr directed towards 
the centre of the path. 

Let a particle be constrained to move along a circular path of 
centre 0 and of radius r with a uniform speed v (Fig.* 66). 
At any point P of its path, the velocity is v along the tangent PT, 
After an infinitely small time the position of the particle being Pj 
its velocity should be v along the 
new tangent P'T. Join P and P' to 
the centre and produce OP^ to R in¬ 
tersecting PT at A. Now if the particle 
P were left to its inertial motion along 
PT without being subjected to any 
other external fbree, it would have 
reached the point A in time where 
PA’=^vi. The velocity v (along AT) at 
A can be resolved into two components, 

V cos B acting lalong AB parallel to 
P'T and v sin B acting radially out¬ 
wards along OR {is AR). Since t 
is very small, B is also very small 
and as such A, P and P' are very close points. So vcoaB^^v. 
and vamB’^vB. Now as the particle is not allowed to move 
along PT and is rather constrained to follow the circular palh, 
the particle which should have been at A due to its inertial motion, 
takes up the position P' attended with velocity v along P' T parallel 
to AB. So here only the consine component of the velocity exists. 
The sine component, vBy is annulled by applying a radially inward 
force ( hence an acceleration ) of suitable magnitude <wi particle. 

At P there was no radial component of the tangential velocity, v. 
But at A, after t seconds, the radial component of the velocity 

The rate of change of outward radial velocity— J- 

=3 _E. outward radial acceleration 

t r r t r 

( v^WTy ef. Art. 37 ). 

This acceleration is the centrifugal acceleration of the particle 
arising out of its inertial motion and is directed radially away from 
centre. So in order to annul the effect of this acceleration and to 
make the particle move uniformly in a circular orbit, an equal and 
oppositely directed acceleration must act on the particle (due to 
some external force). This radially inwards acceleration is known 
as iiic ceiKtripetal acceleration and its mauitiide is v^fr or w^r. 

Cfentripetaland Centrifugal Forces -When a body of mass 
m moves in a circle of radius r witli a constant speed v, it is always 
subject to an acceleration v^lr directed to the centre of the path. Obvi- 
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ously tiien, tkete must be a force mv^fr oonstently acting on the body 
towards the centre of the path to constrain it to move in a circle. 
This force is known as the centtipet^ (Ijatin, peh to seek) force. 

By Newton^q third law of motion, an equal and oppoai^ force, 
its reaction, is called into play. This force of reaction acts on the 
body-at the centre and is directed away from the centre. It is know 
as the centrifa^al (Latin, fugw, to fly) reaction,. 

The centripetal {i.e, centre-seeking) force is exerted on the 
revolving bgdy by ano^er body at the centre towards itself, along 
the radius whUe the centrifugal reaction is exerted by the revolving 
body on the body at the centre and is directed away from the 
centre, ^e magnitude being equal but the direction just opposite. The 
centripetal force, in nature, may arise in different cases due to 
dfferent reasons namely, mechanical tension, gravitational force of 
attraction, magnetic or electric forces, etc. 

The centrifugal reaction is sometimes loosely called the centrifugal 
force But as has been indicated in Art. 93, the latter is the force 
due to the centrifugal acceleration arising out of the inertial motion 
of the body moving uniformly in a circle. Its inagmtude is mv*/r 
and it acts on the moving body in a radially outward direction. 


for example, the case of a man whirling 
t;, a stone of mass m tied to one enc 


in a circle at a 
of a string, the 


(i) Take, 

consWt speed a ^ \ 

other end, at a distance r, being held by him (Fig. 67). A centripetal 
force continuously acts on the stone towards the centre of the 
circular path. The centrifugal reaction acts on the body at the centre, 
is. the hand, it being equal in magnitude but just opposite in direc¬ 
tion. This is exeperienoed by the hand and the man thinks as if the 
stone will fly outwards if he releases his grip. The tension (T) of the 

string is equal to either of these two forces and is given by 








It should, however, be noted that if the string be released or cut 

all on a sudden, then the rotating body 
flics of tangentially to the circular path 
and not away from the centre along the 
radius. This is because, as soon as the 
string is cut, the centripetal force, 
ceases to act and the motion of the 
stone continues due to inertia and lakes 
place in the direction in which the 
stone was moving at the instant, ^.e. in 
a tangential line. As soon as the centri- 
petal force goes, the velocity compo¬ 
se nent responsible for the centrifugal 

acceleration together with the other 
component, maintains the oonsftanoy of 
the t^ential velocity in magnitude 
67 and direction. 
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N.B. Every cyelist must have noticed that the mud from a 
bicycle tyre flies off tangentially when there is not sufficient 
adhesive forcti^centripetal force) between it and the tyre to keep it 
moving in a circle. 

{ii) A bucket containing water may be swang round in a vertical 
plane without the water falling down, if the motion is rapid epough. 
When the bucket is u^^ide down, the weight of the bucket and 
water acting donwards is balanced by the centrifugal force acting 
vertically upwards. 

Example : A ttom <who$t wtight ia I U>. swings round in a eirds at the snd 
of a string 4 ft long and takes 4 second for every complete revolution. Oideutute the 
eiretehing force m the string. 

The magnitude of the stretching force =~-p. 

Velocity of the ttone, 

ttme time 

• ”»»*,"*X4g^*_ lX4x9’87x4 

** r rxl* J/4 

«631*68 poiindalss^^ lbs.-wt.» 19*61 Ibs.-wt. 


SOME MORE ILLUSTRATIONS OF CENTRIPETAL AND 
CENTRIFUGAL FORCES 

(J) Motion of a Bicycle in a Carved Path .—^lifotion of a 
bicycle rider in a circular path is 
also an example of the t eniripetal 
and centrifugal force. A cyclist 
turning a corner has to incline his 
body inwards, Le. towards the 
centre of the curved path (Fig. 68) 
for a safe journey. 

At that time the forces acting 
are, (o) mg, the total weight of the 
muchine and the rider, acting 
vertically downwards through U, 
the C.G. of the system ; (/>) the 
centrifugal force acting 

horizontally through (), where r is 
the radins of the curved jiath and 
V the speed ; (e) the reaction Q of 
th<‘ ground acting at G directed 
along GO, This force provides 
the two component forces, a force ^ 

F, bein^'the horizontal component Ftg. 98 

which acts along the ground and the component R which acts 
vertically to the ground. The couple formed by R and mg Is 
balanced by the couple formed by F and mv^fr. 
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The higher the speed, the greater will be the centrifugal force and 
so the couple due to it, und the rider will have to bend his body 
more inwards to increase the opposite couple. 

Inclination of the Cycle.—li &—incUnaiion of ihe cycle with 
the verlicalf /—distance along the cycle from 0, the C. G. of the 
system to the ground 

the couple formed by the centrifugal force being equal to that 
formed by tjie weight of the system, for a steady motion, 

- X I COB 6 — mg X / sin 0 : or, tan 0— - • 

r ^ ' r.g 

Thus for a given value of r, when « increases, 0 must increase. So, if a 
cyclist rides with great speed along a curve of small radius he must incline 
inwards to the required extent to avcid a fall. Side>sUp shall occur, if B is 
either too large or too small for the speed v, lot a given value of r. 

Example A cydUt i$ dM^ibing a curve of 50 ft. raiiue alt a speed of 10 
per hour. Find the inclination to the vertical of the plane of the cycle, assuming 
the rider and tlw cycle to be m one plane ^ 

Use the relation, tan.5as»*/rgr, of the above article. Here ft./scc., 

r«»50 ft., and j=32 ft./sec *. 

Hence, tan 0 = —or 0=7° 40' 

3X3X5JX32 

(2) The Banking of Tracks. —(a) A racing track for 
motor Cal'S is constructed in such a way that it is banked inwards, 
such that a stationary car would have a tendency of slipping towards 
the centre of the track. 

h. 

In this case the resolved part of the weight of the car along the 
inclined ground supplies the centripetal force necessary to keep 
the car moving and the other resolved jiart normal to the ground 
balances the upward reaction of the ground. 

{h) While a railway line takps a bend, the outer rail is placed a 
little higher than the inner one, so that a train moving on it may have 
its floor inclined to the horizon bil. 

The wheels of the carriage are provided with flanges on the inner 
side for both the wheels in a pair, so as not to allow the wheels to 
move sidewise and cause derailment. If tbo rails are on the same 
level, while tsiking a bend, the tendency of tlie train to move in a 
straight line produces a pressure on the ciu'ved rails, the reaction of 
which at the flanges supplies the necessary centripetal force for the 
motion on the curved path. Such huge friction between the flanges 
and the rails may wear out the flanges quickly. To avoid this, the 
outer rail is .'»o raised as to reduce the friction between the rails 
and the flanges to nil, tlie inclination depending on the radius of 
the bend as also on the average speed of the train at the bend. 
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Let ABCD (Fig. 69) be a 
*(mas 8 ==» 2 ) through lAie line 
shown by 00, joining the 
oentre of gravity, 0, of the 
carriage, and the centre of 
the circular track (radius ==r). 
Suppose the outer rail is 
raised over the inner so that 
the floor AB oi the carriage 
is inclined at th(' angle 9 to 
the horizontal AfJ, when there 
is no lateral pressure exerted 
^t>y the flanges of the wheels on 
the rails, when the carriage is 


vertical section of the oarriage 


C 



A . E 
Fig. 69 


moving with spe'ed r. 

In such a case, the reactions of the inner and outer rails will be 
<Qorraal to /I and are shown by flj and ffg. Resolving vertically, 
(Hi + R^) COB 9 ~ mg, (the wt. of the carriage) ... (l) 

i^esolving horizeontally, 

(Ri+Ri) sin (2) 


Dividing (2) by (p, tan 9 = v^(rg (3) 

If trains of diflerent speeds pass round the curve, pressures 
exerted by the flanges on the rails cannot bo eliminated completeljf. 

Example: A railway carriage of mcua 15 tons i$ moving with a awed of 46 
«i. p,h on a circular track of 2420 ft radiua. If the raila are 4} ft. apart, find bu 
how much the outer rail ahould be raiaed over the inner rail ao that there ia no aide 
thruat on the raila. 


Use the rclatjon, tan 0»v*lrg, of the above article, when m.p.h. 

*66 fc./5ec., r=2420 ft., and jr»32 ft/scc.* 

. 66xf-6 _ 9 

2420X3J'"160' 


Since 6 is .■mall, tan 0=:ds:ain d 


9_ 

160‘ 


The height of the outer rail above the inner! »43x inches nearly. 

. 2 160 320 


(3) The Centrifugal Drier ,—^This affords another exoc^le 
of the application of centrifugal force. This is used in laundries. The 
w<*t clothes (which arc to bo dried) are placed in a cylindrical wire cage 
which is caused to rotate at high siiocd. The water becomes separated 
from the clothing and moves off, as the adhesive force between it 
and the material of the clothings is not sufficient to keep it moving 
uniformly in a circle. 

(5) Cream Separator.-^A given volume of cream has smaller 
mass than the same volume of skimmed milk, and so a smaller force 
is reqjnred to hold it in a circle of given radius. Hence, if cream 
particles and milk particles are set in rapid rotation, the milk particles 
win have greater tendency to move to the outerside of the vessel, the 
<cream particles remainmg nearer the centre. 
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(5) Flattening of the Earth .—Initially earth consisted of a 

mass of fused matter. Because due to the revolution of the earth about 
its axis, a centrifugal force is generated which is greatest at the 
equator and decreases 'gradually towards and finally vanishes at a 

pole {ride Art. 98), the 
earth bulged at the equator 
and got flattened at the 
poles. The model shown 
in Fig. 70 is commonly 
used in the laboratory to- 
exhibit a similar effect. It 
consists of a spindle having 
some circular rings made 
of thin metallic strips 
mounted around it so as to 
form the surface of a 
sphere. This body is fixed 
at the bottom to the spindle,, 
while the top of it ends in a collar which fits on the swindle, and can 
slide up and down. When the spindle is rapidly rotated (by fitting 
it vertically on the axle of a horizontal whirling table), each particle 
of the strips forming the rings tends to move outwards due to the 
centrifugal force and causes the collar to slide down the rod. The 
bo<{y takes ou a form flattened at the top and bottom, i.6. along the 
axis and bulged in the middle as shown by the dotted contour. 





(66) Wattes Speed Governor. —The governor of an engine, first 
designed by James Watt, is a self-acting device by which the supply 
of power to au engine is automatically regulated such that the mean 
speed of the engine may remain constant at 
the rated value or within certain limits, when 
the load on the engine varies. 

The conical governor (Fig. 71), consiste of 
two heavy metal balls A and B at tlie end of 
two arms hinged at the top of‘‘ a vertical 
spindle F which is driven by the maiif shaft 
of the engine and rotates with it. Often the 
two arms are connected by two links (as 
shown in the figure) to a sleeve which, while 
it rotates with the spindle F, can slide up 
and down on it with the rise and fall of the 
balls. This to-and-fro motion of the sleeve Fig. 71 

is used to regulate the supply of steam to A Conical Govetnor. 


m 


the engine. 

Theory of the Conical Governor. —Suppose A is X ball 
revolving about the vertical axis OY being suspended from the 
point Oi by a slender rod, the joint at Oi being such as to permit 
of firee an^ar movement of AO\ about Oi in tiie plane AOT 
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[Fig. 71(ff)]. As A revolves at a steady speed, AOi describes the*sur¬ 
face of a cone, whose vertex is at 0 where AOi intersects OY. Let 
h be the height of 0 above the level of A and let r be the radius of 
base of Sie cone. The forces acting on A in the plane AOY are 
its weight TF, acting downwards, the centrifugal force F acting 
radially outwards and the tension T along AOj, neglecting the weight 

of the rod. For steady motion these must balance 
one another. Taking moments about 0,F.h= Ws 

where F= 

r g r g 

taking m=mass of A^ linear velocity and 
«»=angular velocity of it. 

ff 

That is, the height of a conical governor is in¬ 
versely proportional to the square of the angular 
F,g. 71(a) velocity. 

[When the engine speeds up due to any decrease of load, the 
increased centrifugal force acting on the balls causes the balls to rise 
up (c/. the height h of the conical governor varies inversely as the 
square of tlie sf>ecd) and so the sleeve also rises up. Jf the speed of 
the engine falls due to any increase of load, the balls fall in level due 
to the decreased centrifugal force and so the sleeve also moves down. 
The sleeve has a groove (see Fig. 71) turned on it to receive the forked 
end of a lever through which, and other levers and links, if necessary, the 
sliding motion of the sleeve is transmitted and converted into the move 
ment of a r«/re, which regulates the supply of steam, gas, or charge, as 
the case may be, and thereby keeps the speed of an engine constant J 
(7) A Body ioBt8 Weight due to the Earth*s Rotation .— 
In its diurnal rotation, as the earth rotetes about its polar axis {NS)^ 
a body on its surface also rotates in a circle with the same angular 
speed as that of the eartli [Fig. 71 (6)j. As a result of it, the body is 
subjected to a centrifugal force 



tending to make the body fly out¬ 
wards along the radius of its own 
.circle. A ][)art of the weight of the 
body (which is a force directed 
towards the centre of the earth 
arising out of gravitational forces) 
is used up in counter-balancing 
the oen^ifugal force and the 
remainder appears as the weight 
of the body. Thus, by the centri¬ 
fugal forces generated by the 


Ml 
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rotetion of the earth a body on the earth’s surface loses a part of its 
weight. The loss of weight due to this ca^ise is great^t at the 
equator and gradually diminishes towards and finally vanishes at 
e^ pole [vide Art. 98 e (it)J. 

lExBmple—CcUculatt the appareta weight of a body of om ton ma»$ attho 
ofuator^ tits radium of the earth being iOOO milee. 

The apparent wetghtasw ; 4000 mUes=4000 x 5280 ft.; and 1 ton 

=2240 lbs. 

, »w*^f»X4irVs_mx^?r*Xr_2240 X 4 X 9 87 X 4000 X 5280 u \ 

V ° -rxi*-««-— “““ 

=250*2 poundalaX lbi.-wt.=7'77 lbt.>wt. 

Hence the apparent wt. of the body ss 2240-7’77 *223^23 lb».-wt. 


Questions 


1. Explain clearly how the idee of ‘inertia* of a body is deduced from 

Newton's First Law of Motion. (Pat. 1921) 

2. State Newton's Second Liw of Motion and esplain how it enables you 

to measure forces. (Pat. 1918, 25, *^, '47 ; ‘C. U. 1934) 

3. State the laws of motion which are associated with the name* of Newton 

in their final form, and add explanitory notes leading to the definition of a force 
and of the units for its measurement. ( Pat. 1^0) 

4. State Newton's Second Law of Motion and show how starting from the 
law of parallelogram of velocities, we can arrive at the law of parallelogram of 
fordes. What is the relation between a poundal and a pound'weight ? (Pat. 1926) 

5. State Newton's Laws of Motion and show how from the first we obtain 
a definition of force and from the second a measure of force, (Utkal, 1950) 

6. The speed of a train of mass 20J tons is reduced from 45 m. p. h. to 
30 m. p. h. in 2 min. find (a) the change in momentum, (5) the average value 
of the retarding force. 

lAne.: 9,856,0CO F. P. S. units; 1T45 tons.-wt.] 


7. A train of mass 175 tons has its velocity reduced from 40 miles per hour 
Co zero in 5 minu*-e3. Calculate the value of the retarding force, assuming that 
It is uniform. What has been the change in momentum ? 

Ano. : / Retarding fotce=sl 07 tons-wt. \ 

\ Change in momentnmfsl0266‘6jtons-ft,/sec. J 

8. Wnat are the units in common use for exoressing a force ? (Pat. 1947) 

9. Explain the distinction between the absolute measure and the gravita- 
clonal measure of force and show how one may be expressed in terms of the 
other. 


Express the weight of lO.kgm, in dynes and the value of a dyne in gm.*wt. 

[j4ns.: lOOOOg dynes ; IJg gm.'Wt.] (Dac. 1942) 

10. Find the pressure exerted on a vertical wall by the water from a 
fire-hose which aelivers water with a horizontal velocity of 18 metres 
per see. from a circular nozzle of 5 cm diameter. Toe water is assumed not to 
rebound. 


[^na.; 6‘364 x lO^ dynes.] * 

11, Find the uniform force required to stop in a distance of 10 yaras a 3 ton 
lorry running on a level road at the speed of 15 m. p. h. Fmd also the time 
•during which the force acts. 

iAne.: l-o94 Ibs.-wc.; 30/11 sees J 
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12. An automobile of mass 3500 lbs. moving with a uniform velocity of 

60 miles per hour is to 1^6 stopped in 1 sec. by the application of a uniform 
retarding force. What should be the magnitude of this force ? (C, U. 1956) 

[Ana. : 9625 lbs -wt.] 

13. A man who weighs 100 lbs. slides down a tope hanging freely, with 
« uniform speed of 3 ft./sec. What pull does he exert upon the rope, and 
what would happen if at a given instant he would reduce his pull by one- 
third ? 

[Ana.: (<) lOOg F. P. S. units j (si) p/3 F. P. S. units of acceleration 
downwards.] 

14. When a man drags a heavy body along the ground by means of a 
rope, the rope drags the man back with a force equal to that with which 
the man drags the body forward. Why then does motion ensue ? (Pat. 1928) 

15. State Newton's Third Law of Motion and explain it carefully. Show how 

this leads to the principle of conservation of momentum. (Pat. 1953, *53) 

16. Explain with the aid of a diagram the flight of a bird. (Pat. 1931) 

[Hints.—At the time of flying 
the bird strikes against the air 
with its wings, but as every action 
has its oppojite reaction (New¬ 
ton’s Third Law of Motion), 
the forces OA, OB, due to reac 
tion, act in onp^'^ite directions 
(Fig. 72). If OA, OB represent 
these reactions in magnitude 
«nd direction, then by the law 
of parallelogram of forces, the 
resultant force with which the 
bird advances is represented 
in magnitude and direction by 

OC] i-»». ta 

17. A 10 gm. bullet is shot from a 5 Kgm. gun with a speed of 400 

metres/sec. What is the backward speed of the gun ? (Dac. 1935) 

[Ana,: 80 cms./scc.] 

18. Define momentum and impulse. State and illustrate by examples the 
Principle of Conservation of Momentum. 

A lO'gm. bullet is fired from a kilogram gun suspended to move freely. 
This bullet now enters a block of wood of mass 990 gms. If the speed of the 
bullet is 500 metrcs/scc., find the speed of recoil of the gun and the velocity 
imparted to the block. (G* U* 1957) 

[AfM .: 5 metres/sec. \ 5 metres/sec.] 

19. Explain why a force is needed ?o keep a body moving uniformly in 

a circle. Calculate this force in t^tms of the mass of the body, its uniform 
speed, and the radius of the circle. ( Pat* 1944) 

20. What would be the length of the year, if the earth were half its present 
•distance Jrom the sun 7 

[.dns, : 129 days] 

21. Explain the following statement bringing out the scientific principles 

involved,—Tf a small can filled with water is rapidly swung in a vertical 
circle, the water does not fall down.” (U. P. B. i9tl) 

22. Write a note on centrifugal and centripetal forces. (G. U. 19 j5) 

23. What are 'Centripetal* and 'Centrifugar forces and what are their 

Teletions/with a body moving in a circular orbit 7 Discuss tn detail their 
importance to man. (Pat, 1932; C. U. i939) 

24. What are ‘Centripetal’ and ‘Centrifugal’ forces, and how are they 
directed 7 Derive the magnitude of centriiu^l force, and give three examples 
«f its application. 
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A motor* cycliftt foei round a circular race coui«e at 120 m. p. h. How 
iar from the vertical muet be lean inwards to kcbp his balance. (•) if the 
track is 1 mile long, (b) if it is 880 yds. long 7 

r Am. , (a) t.n-' ^: (k) t.»-' • <G. U. 1949) 

25. Explain why a force is required to keep a body moving in a circle at 
constant speed. What is the name of this force 7 What happens to the 
moving body when the force is withdrawn 7 

A ball at the end of a string is whirled at constant speed in a horizontal 
plane. If the radius of the circle is 4 ft. and the speed of the ball is 10 fc./8ec.. 
calculate the magnitude of the radial acceleration. (C. U*. 1956) 

Ang: [25 ft./sec*.] 

26. Why must a cyclist lean inwards to keep his balance when he is going 

round a circular course at high speed 7 Deduce a relation between the speed, 
inclination and the radius of the course. (Utkal, 1951) 

27. What is the proper angle 4or banking a road around a curve of 200 ft. 
radius to allow for speeds of 40 m. p. h. 7 

[Ana.; 28'IT 


CHAPTER V 

GRAVITATION AND GRAVITY : FALLING BODIES : 

PENDULUM 

'94. Historical Notes .—One day while Newton was sitting 
under an apple tree in the garden of his village homo at Woolsthorpe, 
a ripe apple, it is said, fell on his head. This simple event started him 
thinking why the apple should fall towards the earili. There must 
then exist some attractive force between the earth and any material 
body. Reasonings on this problem ultimately led him to found tlie 
doctrine of universal gravitation. To follow the reasonings it is 
necessary to know briefly the position of astronomy before his time. 
Refer to Art. 94(fl), Additional Volume, of this book for this historical 
ba^gronnd. 

Newton*s Laws of Gmvitation : —(1) Tn nature every 
material body attracts every other material body towards itself. 

(2) The force of attraction between any two bodies varies directly 
as the product of their masses and inversely as the square of the 
distance between them. ^ 

If mi and rwg be the masses of two bodies and d the distance 

between them (Fig. 73) and if A’ be the 

A B force of attraction, which each exerts on 

N. the other, and also 

»«" ■ I ^ wkeTC 0 Ib A constant "known, as the 

p. „ Universal Gravitation Constant' Its 

value as determined by Boys in 1895 ia 


Fig. 73 
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*6‘6576 X 10“® itt C. G. S. units. The mdst accurate vahte of Q 
■claimed so fat is by Hsyl (1930) and is (O’OTO ± 0005) x lO'* C. G. S. 

unitSs 

Let fniand in the above equation be each equal to 1 gram and 
d equal to 1 centimetre, then which means that Q is numeri¬ 

cally equal to the force of attraction between two masses^ each of one 
gram^ when separated by a distance of one centimetre. 


Gravitation ana gravity‘The force of attraction 
b^ween any two material bodies is called gravitation. The term is 
mere specially applied to the attraction between two heavenly bodies. 


Now gravity is the force with which the earth attracts every body 
' on or near its surface towards its centre. If the mass of the earth is M 
and the mass of any object on its surface is m, the force of attraction 

i/fm 

due to gravity—where i2 is the radius of the earth. So 


gravity is a particulr case of gravitation and may be called earth's 
gravitation. The force of gravity on a body is called its weight 


97. Irhe Acceleration due to gravity (g) .^A body, if 
•dropped from a height, falls vertically towards the earth, as if it 
would pass through the centre of the earth ; its velocity continnously 
increases as it faUs. That is, it falls with an acceleration. Such 
motion is due to the attraction between the body and the earth, 
i.c. due to gravity. When a body falls freely from res^ as in the case 
when it is simply dropped from a height, it is experimentally found 
that the distance («) through which it falls is pr<')portional to the 
square of the time taken t {ride Ijaws of Falling Bodies, Art. 110). 
That is, s^kt^^ where A is a constant. This is possible only if the 
acceleration of falling body is constant (of. s—ut'^yt^ when w=0), 
Thm a body dropped from a height falls vertically towards the earth 
with a constant acceleration. 


If then the acceleration is constant, a heavy body as well as a 
light body dropped from a heighlf should reach the ground simulta' 
neously. That is also exactly wBat is found experimentally. Newton's 
famous Ottinea and Feather experiment (Art. 110) conclusively 
proved that all bodies starting from the rest fall in vacuum with equm 
rapidity. That is, the acceleration due to gravity at the same place is 
the same for all bodies. 

Consider, again, a body projected vertically upwards ; its velocity 
gradually niminishes and is finally reduced to zero after which it 
begins to fall downwards again. This also clearly shows the existence 
of an acceleration directed towards the earth due to which the upward 
motion of the body is gradually reduced. Thus, all m^rimental 
observation lead us to the belief that auy body moving in the field 
of the earth's attiraotiou is subject to a constant acceleration acting 
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vertically downwards and its value is the same for all bodies at the 
same place. This acceleration is called the acceleration due to 
gravity and is conventionally denoted by V* 

We have seen in Art. 96 that the force of attraction due to gravity 
varies inversely as the square of the distance of a body from ihe 
centre of the earth. So the acceleration due to gravity (f^) also varies 
in the same way, according to Newton's Second Law of Motion, 
mass of the body being constant. It is alPected due to rotation of the 
earth on the axis {vide Art. 98). 

The value of the acceleration due to gravity at sea-level and in 
latitude 45° is generally taken as the standard for referen^ for 
values of acceleration. The value of g at any place varies with ite 
height above Ihe sea level, being less at the top of a high mountain 
than its bottom. The value of g is constant at the same places 
but varies with the latitude. It is minimum at the equator and 
increases gradually to attain the maximum value at eitiier of the 
poles. At ^e equator, the value of ^ is about 978 cms. per. sec. per 
sec., and at the poles, it is about 983 cms. per sec. per see., and the 
accepted mean value is taken to be 981 cms. per 8eo.^per sec., or 32 2 
ft per sec. per sec. It also changes from one place to another due to 
various local conditions, the discussion of which is beyond the scope 
of this book. 


VARIATION OF V WITH LATITUDE 


Place 

Latitude 

Value in 

Value in 
cm /sec.* 

Equator 

0*0' 

32'09 

978*10 

Madras 

13M' 

32*10 

978*36 

Bombay 

18* 53' 

32*12 

978-63 

Calcutta 

22* 32'“ 

32*13 

c 

97876 

New York 

40*43' 

3216 

980 19 

Paris 

48*50' 

32*18 

980*94 

London 

51*29' 

32*19 

981*17 

1 Poles 

1 _ 

90° 

32 25 

983*11 


vf* SS. Variation of g' (or the Weight of a Body\from 
Place to Place :—^Let R be the radius of the earth and D it^mean 
density ; then the mass M of the earth will be given by, 

Jtt 12 * P, assuming the earth to be a sphere. 
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v/^a) Abovt the Surface of the Earth. —^At a height h above 
tke suirfeco of the earthy the force of attraction on a body of mass w, 

according to the law of gravitation* S'lch positions 

external to the earth, the mass of the earth may be supposed to be 
concentrated at its centre. 

So, the force of attraction, and hence the acceleration f. 

due to gravity, on a body above the surface of the earth, is 
inversely proportional to the square of the distance of the body from 
the centre of the earth. So will be less, as the distance of the 
|)ody above the surface of the earth increases. 

TIS) Below the Surface of the Earth. —Again, consider a body 
of mass m at a deptli V*^ below the surface of the earth [Fig. 73 (a)j. 
Imagine a sphere concentric with the earth 
having a radius [H — h), i.e. with its surface pas¬ 
sing ■trough points at a distance 'h* below the 
surface of the earth. It is known that the 
gravitational forcS of attraction within a hollow 
spherical shell is zero. Here the ^ven body 
is on the surface of the inner sphere, but 
it is inside with respect to the portion of 
the earth outside the smaller spliere of 
radius (/^—A); so the outer portion has no 
attractive force on the body. The force of 
attraction on the body will be due to the 
inner solid sphere of radius {R — fi) towards the 
and is equal to. 



FiJ. 73 <0) 

centre of the earth- 


w. 


(R-tiY 

where ^TriR—h)^ xD is the mass of the inner sphere. 

The force of attraction, and hence g inside the earth, is there¬ 
fore, to (if?—H that is, to the distance of the 

body from the centre of the earth* 


So, g will be less inside the earth^s surface, the greater the depth 
the lesser is the value of g. Hence the muximnm valve of V is 
on the surface of the earth, and the valve of 'y* is minimum (i.e. zero) 
at the centre of the earth. 

(c) On the Earth*s Sur/ace— In this case the value of g 
varies due to two reasons— 

(0 The Peculiarity in the Shape of the Earth. _^As 

the force of gravity on a body on the earth's surface is inversely 
proportiraal to the square of the radius of the earth at the place, it is 
greatest at the poles and least at the equator, the earth being a 
spheroid of which the polar radius is the least and the equatorial 
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radius the greatest, the difference between the two radii being about 
13'6 miles. So the value of V> or the wt. of a body, increases from 
the equator to the poles. 

Cii) The Rotation of the Earth about ito AxU .—^The 

diurnal rotation of the earth (about its polar axis) causes every body 
placed on it to be subjected to a centrifu^l force due to which it 
tends to be flung off. A part of the gravitational force, due to which 
the body is attracted towards the centre of the earth, and which gives 
the true wdght of the body, is used up in counteracting this centri¬ 
fugal force and the balance shows itself as the weight of the body, 
which is an apparent weight only. 

The • apparent weight and so the apparent acceleration due to 
gravity, which we actually measure in our experiments, increases 
from ie equator to the poles, as shown below. 

Let us assume die earth to be a uniform and homogeneous 
sphere of mass M. Let XX' and YY' be respectively the equatorial 
and the polar axis of the earth mutually intersecting at right angles 
at 0, the centre of the earth and let Pbe a body of mass m at latitude 
A (Pig, 74). The true weight ( W) of the body is a force {F) acting on 

P in the direction PO and is given by where 6?** 

gravitational constant, and 12=radius of the earth. Draw PC 
perpendicular from P on TF. If «>=the common angular velocity 
of the earth and the body P about FF, the centrifugal force (/^) to 

which Pis subjected, is given by where «>=linear velocity 

of P, and PC*»radius of the circle which the body P describes whOe the 

eatrh rotates about YY ; or, =^muP{PC)=fnw^ Rcos K 

This force is directed from P towards G\ the continuation of 
PC in the opposite direction. The component of this force in the 
Y direction P(7, which is opposite to PO, 

^ IS given by f cos A, i,e. mw^ M cos®A. 

—t# The apparent weight of P 

V = ^1^2 ji co8®A, 

X Now A=0 at the equator, i,e. cos A 

is maximum, i.e. the apparent weight 
of the body (or the acceleration due to 
gravity) is nunimum at the equator. 
^ .^ain, A=90“ at the pole, i,e. cosA=0, 

* i.e. the apparent weight of the body, or 

the acceleration duetogravitj^vis maxi¬ 
mum there. Thus apart from the fact that the weight of a body or the 
^ujceleration due to gravity increases from tiie equator to a pole due to 
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•decrease of the earth’s radius, it also increases from the equator to a 
pole on account of the diurnal rotation of the earth. 

99. The Weight of a Body on the Sun or the Moon .-—A 1-lb. 
mass will weigh twenty-seven times more when taken to the sun, since 
the gravitational force exerted by the sun is so many times greater. For 
similar reasons it will only weigh ^th lb. when taken to the moon. 

100. (a) Mass of the Earth : —^Let M be the mass of the earth 
and its radius be R. By the law of gravitation, the force of attraction 

on a mass f» on the earth=——=the weight of the mass = W{ 7 , 

whence Taking 12=4000 miles, fl~()'(55xl0‘* c.g.s. 

110113 and 0 = 981 ems/.sec.^, Af=G'l X 10^^ gms. approximately. Thus 
knowing the r.ulius of the earth and the value of G, and determiuMig 
the value of q experimentally, the mass of the earth can be obtained. 

(b) Density of the Earth. —Let p be the mean density of the 

,1 rp, _ mn'io of e^rth __ _ 3df__ _ _ 3</ _ 

menp of earth inli* inl^ Gx47rK^ LttG.R. 

from equation (1 f above. Taking o = 981 em^'./sec.®, G'=<)’65 x 30“^ 
o.g.s. unit, and 72=4000 miles, p=5'4G gms/co. 

Thus, from the knowledge of f?, g ami 72, the mean density p of the 
earth can be calculated IIenr> Oavendisli determined it (1797—98) 
and his result for the mean density of the earth, namely 5'5 gms./e.c. 
has been coniirmed bv later experiments carried out in different 
ways. Since the mean density of most substances on the surface of 
the earth is much smaller than this, it means tiiat heavy substances, 
particularly metal ores are contained within the earth. 

70/. The Centre of Gravity : It follows from the law of 
gravitation that every particle of a body upon the ea^th’^ surface is 
attracted towards the centre of the earth. The sum of all the attractive 
forces on the particles constituting a body is equal to the totid attrac- 
tl\^e force of tln^ earth upon the body, i.e. equal to the weight ot tlie 
body. So the weights of all the small particles of the body can be 
regarded as a svsU'm of forces which, considering the length (about 
4000 mil(‘s) of the radius of the earth, may be all treated as parallel, 
actii>g vertically downwards. These parallel forces can be repLiced 
by a single resultant foret*—which is equal in 
magnitude to tlie weight of the body—also 
acting vertically downwards at a single point 
0 in tJ.e body (Fig 75). This point Cr is called 
the cent I c of gravity (written, C.G.) of the body. 

II )t e, the centre of gravity of a > ody nr a 
systpfu of pariK’fps rigi Uy cormseied together 
may ln>defined as the point through which the 
line of action of the might of the whole body 
alwag'. pa^ses^ in whatever manner the body 
may he placed. 



• Fig. 75 
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(a) Important Ndtes on the Centre of Gravity. — {i) Though 
the C.Q. of a body is a point through which the line of action of the 
whole weight ^ the body always passes, *it does not necessarily 
mean that the C. Gr. lies within iiie body itself in all cases. For 
example, a circular ring has its C.G. in the geometrical centre of the 
ring, which is in empty space. 

(^^) If the size or shape of a body is changed, the C.G. of the 
body gets changed, though the weight is unaltered. A straight 
uniform wire has its C.G. at the middle point of its axis, but when 
the same wire is bent in the form of a ring, the centre of the ring, 
which is not within the body at all, becomes its new C.G. 

(im) As the weight of a body acts vertically downwards through 
its C.G., an equal force applied there in the opposite direction will 
make the body remain in equilibrium. Thus, when a rigid body is 
supported at its C.G., it remains in equilibrium, tor the reaction at 
the support supplies this equal upward force. If the body is freely 
suspended by a string, the C.G. of the booy will lie vertically below 
the point of attachment of the string. 

102. C.G, of Geometrically Symmetrical Bodies :—By 

applying the principles ol Statics, the position ot C.G.'of different 
bodies may be ascertained, as will be found in any standard book on 
Statics. But when the bodies are geometrically symmetrical and are 
of uniform density, the C.G. in their cases can be inferred as well 
Thus the C.G. of, 

ii) a straight wire, rod or beam, is at the middle point of the 

axis, 

(ji) a parallelogram is at the intersection of its diagonals, 

{iii) a triangular lamina is found by bisecting any two sides and 
joining the middle points so obtained to the opposite vertices when the 
point of intersection of these medians will give the C.G. Three equal 
particles placed at the vertices of the triangle have also the same C.G., 



(ir) a circular lamina, a circular ring, a solid 
or hollow sphere is at the geometrical centre, 

(»;) a cylinder (hollow or solid) is at the 
middle point pf its axis. 

103. Determination of the C.G. of an 
Irregular Lamina :—^'Ihe centre of gravity of 
an irregular lamina, say, an irregular sheet of 
cardboard, can be determined by suspending it, 
with the help of a stand (0) from the different 
corners of the lamina (Fig. 7()). When it is» 
suspended from one comer T by a string, the 
centre of gravity lies on the vertical line given 
by the plumb line TC through the point of 
suspension. This line is marked in &ialk on 
one face of the lamina. The operation is repeated 
by suspending the lamina from another corner.. 
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The intersection of the two chalk lines gives the centre of gravity. 
On suspending the body from the other corners, the other vertical 
lines 80 obtained win also pass through the comtaoii point of 
intersection, called the Centre of Gravity. 


104, Stable, Unstable and Neutrcd Equilibrium : —A body 
is in equilibrium, if the resultant of the forces acting on it is zero, and 
also if there is no moment tending to turn the body about any axis. 

Suppose that a body is displaced slightly from its position of 
equilibrium. It may hai>i)en that the forc.ea acting on the body tend 
to restore the body to its original equilibrium condition, or the 
foice may tend! to increase the displacement. In the former case 
^ the equilibrium is called stable, and in the latter case unstable. If, 
liowever, the forces have no tendency to increase or diminish the 
displacement, the^equilibrium is called neutral. 

A body is, hence, said to be in stable equilibrium, if it returns to 
the original position, when slightly displaced from the position of 
equilibrium. A cube resting on one of its race's, a glass funnel resting 
on Its mouth (yl, Fig. 77), are examples of stable equilibrium. 

A body is said to be in unstable equilibrium, if after slight 
displacement, it moves still further from the position of equilibrium. 
A coJie standing on its apex, a glass fmmol .standing on the end of its 
stem {R, Fig. 77), an egg standing on its end, are examples of unsteble 
equilibrium. • 

A body is said to be in neutral equilibrium, when, after slight 
displacement,, it neither returns to the original ijosition nor moves 
, further from it. A spherical ball resting 
oil a horizontal plant', a cone or funnel 
lying on its side Fig. 77), arc ex¬ 
amples of neutral equilibrium. 

In stable equilibrium the centre of 
gravity of a body is at its lowest posi^ 

<fow,anda .slight displacement tends to 
raise it. When the glass funnel A (Fig.* 

77) is .slightly tilted, its C.G. is ‘ele- Fig. 77 

vated and so the body returns to the original position as soon as it is 

allowed to do so. 



In unstable equilibrium the C.G . is at its highest point, and a 
slight displacement It'nds to lower it. When the glass funnel B 
(Fig. 77) is slightly tilted, the C.G. at once occupies a lower point, 
and comes outside the base, and so can easily be overturned. Remem¬ 
ber that the centre of gravity of a body always tends to occupy 
the lowest possible position. 

In neutral equilibrium, the Q (a. is neither raised nor lowered 
by slight displacement. This is evident in the case of the funnel C 
in Fig. 77. 
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JOS. Motion of Connected Systems :—^Two particles of masses 
mi and m 2 (mi >-mg) arc connected by a light inextemible string 
passing over a light stnooth pulley and are 'allowed to hang freely. 
Find the resulting motion, and the tension of the string. 

Suppose mi moves downwards with an acceleration/"(Fix. 78). 
The string connecting mj and m 2 being incxtcnsible, the displacement 

of mi downwards will always be equal to the dis¬ 
placement of wg npwai’ds. So at every instant 
1 - . the velocities of mi and m 2 are the same, the 

K former being downwards and the latter upwards. 

Accordingly, the acceleration, is. the rate of 
A j I change of velocity of upwards will 

1 1 also be the same asn that of mi downwards, 

namely f. 







Fig. 7S 


The string being light, its tensioTi all along 
will be the same on each side of the pulley. The 
pulley being light and smooth, the tension will not 
alter along the string when it ]>aHses from one 
side of the pulley to the other sidp. So the tension 
of the string will b(‘ constant tnrougliout. Let 
this constant tension bo T absolute units. 


Considering the mass mi, the forces acting on it are its weight 
m-iQ downwards, and the tension T upwards, and the acceleration 
being f downwards, we have, 


mig-T=mif . {a) 

Similarly, for the upward motion of m 2 , we have 
. [b) 

From (a) and {h\ we get, 9 5 and, .g, 

mi-rm^ mi + m2 

Nf.B. If mi < m 2 , the downward acceleration of mi will be, as is 
evident from the above expression, negative, i.e. mi will have a pu'^i- 

tive upward acceleration, 0 , 

mji-f-mi 

and m 2 will have the same downward acceleration. 

Pressure on the Pulley .—As the string presses on the pulley 
downwards on both sides, the pressure on the pulley=2 T 

2 . g —^ 

‘^’mi + m2' mi+m2*^* 

ExampleA matu of 3 lb». dttotnding vertically, draws up a mass of 2 lbs, 
by means of a light string passing over a puUt^ ; ai the end of 5 ssoands the string 
breaks ; find how much higher the 2 Ibe. mass wUl go. 

[U. P. B. 1984 ; Pat »35 {Maths.) ; Vikal, 1934} 

The acceleration/of the connected lystem, is given by, \ 





GRAVITATION AND GRAVUTST ; FALUNG BODIES ; PENDULUM 101 


4 

32 

After 5 secs., the velocity of each mass is x5a:32 ft./sec. The string now 

0 

being broken, the 2 lbs. m&ss, now free, will have a downward acceleration, 
ff=32 ic./sec.^ due to gravity. If the 2 lbs. mass rises through m ft. from 
this instant before its upward velocity is reduced to zero. 

0*-32*-2X 32xa5; or, *=16 ft. 

106. Experimental Determination of : —^The acccleratiou 
due to gravity is best determined by a pendulum exfierimeiit, 
though the following methods may also be used in the laboratory : 

(a) By the Atwood Machine, —This machine is constructed 
on the principle of the preceding article and is generally used {t) to 
determine the value of g at a place, and also In) to verify NewtorJ^s 
^ laws of niotion. 

The machine consists of a fine silk thread {ie. a fight itiexten'''ible 
thr('ad) having t^o equal cylindrical brass weights of masses P, jp atta¬ 
ched at the two ends (V'ig. 79) i)assing over a 
fight smooth pulley P fixed to the top of a gradu¬ 
ated vertical .stand S. Then* are two jdatforms 
.4 and r ^hich can be clamped at any desired 
point of the stand, as also a ring B which is 
clamped somewhere in between the platforms. 

There is a small weight of mass called the 
rider, of the shape shown in the figime, with 
arms ])ruj('cted on cither side, and this is placed 
horizontally over the right-hand cylindrical 
weight P wliich, to skirt with, rests on the 
upi)er jdatform A pla<*ed as near the top ot tin' 
stand as possible. The ring has such a <liariie- 
tei' that the upper weight /*, >vhen droiiped, 
jia.sses through the ring but the rider Q 
arrested. Wlu'ii the iqiper platform is tui'iied 
{in some arrangements, there is no upper 
idatform and a spring-catch holds th<' louver 
weight P \ when motion is to be starte^, this catch 
is released), the system wuth a,muss (F4-(i)) on 
one side and P on the other begins to move. 

At some instant, after start, th<' right-hand w^eight P passes through 
the ring B, when the rider Q is arrested and tin* subseiiuent motion of 
the system takes place with cipial weights P, P at either end of the 
string, 'riie motion stops as the right-hand weight touches upon tho 
lower platform C. 

In performing an experiment the diskinces moved through by the 
right-hand weight P during the twm stages of motion, {a) first, froin 
its sta^ from the upper platform till the rider is arrested, (/>) second, 
from the instant when the rider is arrested till it is stopped on reach¬ 
ing the lower platform C, are noted and also the times taken by the two 
stage.s of motion are recorded by a stop-watch. Let the two intervals 


(D 


pD 


H] 






hoc 


Fig. 79—The Atwood 
Machine. 
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of distances be h\ and and the times taken and ^ 2 * Here hi is 
to be taken as the distance from the top of the upper weight Pat a 
stert to the ring B and as the distance from the ring B to the top 
of the same weight now on reaching the lower ijlatfonn C. 

(i) Determination of g. —According to the previous article, the 
acceleration of the moving body will be given by, 

fJP+9)-P.g^_Q^^. g .(1) 

' (P+Q)+P^ 2P+Q^ 

assuming the formula, P=mf, which embodies Newton's Second Law 
of Motion. Starting from rest, the body moved through a distance 
in time ti with the acceleration given by equation (l). 

So, *l = i' 2 p+Q- S- .(2) 


P and Q being known, and hi and ti being noted, g is determined. 
The experiment may be repeated by altering hi at pleasure by 
shifting the position of the ring and noting ty in each cast-, when 
the value of g will be found the same. 

{ii) Verification of Newton* s Laws of Mot assume g 

to be known. The observed values of hi and ty will f>e seen to 
satisfy the relation (2) for all values oi hi proving thts corrcc.t- 
nesB of the formula for the acceleration f given by relation (1 ). This 
indirectly verifies the truth of Newton's Second Law of Motion by 
which the relation (a) in Art. 105 is deduced. 

The velocity acquired by the moving body at the end of the first 
stage of motion is given by, 


^+0 0 - 


(3) 


From the experiment it will be found that the value of v .so 
determined exactly equals h2lt2, i.e. h2 = t2>v. The same result will 
be obtained on changing 7^2 by altering the position of the lower 
platform C. U'his verifies Newton's First Law of Motion, for during 
the second stage of motion, i.e, from the ring B to the lower platform 
C, when the weights on the two sides of the string are equal, tlie 
velocity once acquired remains unfforrn in the absence of any 
resultant force on the system. 

In deducing the above relation (1) which gives the' acceleration f 
the tension T is assumed constant throughout the string and this 
assumption is based on the truth of the TMrd Law of Motion. The 
experimental verification of the value of f given by the relation 
(1) supplies an evidence in support of the Third Law as well. 

(i>) By the Falling Plate Method. —^The method is very 
appropriate for measurement of the frequency of a tuning fork 
and has, therefore, been described in Chapter VI under ^^ound. 
It will bo evident from the last equation of that article that the same 
experiment may be used to determine V at a place, if a standard 
fork of known frequency is supplied. 
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107. Apparent Weight of a Man in a Moving Lift :—When 

a man is ascending or descending in a lift with uniform velocity, his 
weight exerted on the * floor of the lift is equal and opposite to the 
reaction of the floor. When, however, the lift is rising upwards, the 
reaction is gcater than the man's weight; and, when it is going 
downwards, tlie reaction is less than the man's weight. 

Let m be the mass of the man, 72 the thrust on the floor of the 
lift, which is equal and opposite to the reaction of the floor on the 
man, and which may be called the man's “apparent weight”. 

The forces acting on the man are (a) his weight mg acting down¬ 
wards, and \h) Ji acting upwards. Suppose the lift is descending with 
an acceleration /. iiemembering that, force—mass X acceleration, 

we Jiave, mp-72=»i/’; H—m[g-f)==mg (l-flg) .(1) 

^ lienee, the man’s apparent weight is less than his actual weight 
*mg’ by of the latter, i.e. the man will appear to be lighter. 

Similarly, when the lift is ascending with an upward acceleration ft 
we have, R=mg{l+flg) .(2) 

Hence the man will appear to be heavier by *tlg’ of his actual 
ueigni. 

Example—Jf a m^n weighs 16 atones on a lift which haa an acceleration of 
8 ft. per sec*, find the thrust on the floor due to hie weight (») when it is ascending, 
{it) when it ^s descending. 



(t) We have, stones wt.X(l-h^)=20stone8-wt. 

(ii) In this case, we have, R=mgy.ll-flg) .eq. 1. Art. 107) 

o 

^ m 16 stones-wt X (1 - *12 stones-wt. 

"^08. Falling Bodies A very common experience is that if a 


heavy body like a stone and a light body like a feather or a piece 
of paper are dropped in air at the same time from a height, the heavy 
body reaches the ground much earlier. Such observations led Aris¬ 
totle (384—322 13.0), the great Greek Philosopher, to teach the world 
that a heavier body falls faster than a lighUa* body and according 
to him a body of 5 Ibs.-wt would fall five times faster tlian a 
body of 1 Ib.-wt. Such idea prevailed until about two thousand 


years later when Galileo disproved it in 1589 A.l). He simulta¬ 
neously dropped two heavv bodies, one large and one small, 
from the top of the leaning tower of Pisa before a large crowd 
of observers when it was found that the two bodies struck the 


ground together. Thus, he made the world know for the first time 
that all bodies fall with equal rapidity. Why then a piece of paper 
falls more slowly than a stone ? This is so, for when they fall 
through air, the air oflers resistance to their motion. This air- 
rcsistancc is too great for the weight of the paper and seriously affects 
its rate of fall; whereas, this resistance is very small compared 
to the weight of the stone and so the rate pf fall of the stone 
is but little affected. If air could be removed and both the stone and 


the paper could be arranged to fall freelvt i>e. unacted by any oppOsSing 
forces, both of them would fall with the same rapidity. In ^lileo’s 
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time the air-pump was not invented and it was not possible to show 
that all homes, heavy or light, should fall with equal rsjpidity, in 
the absence of air. After the invention of the air-pump in 1G50 by 
Otto Von Guerike, Newton conclusively proved the truth of it 
experimentally by his well-known Guinea and Feather experiment. 

109. Why should a Material Body fall to the Earth ?— 

According to the law of gravitation, just as tlie earth pulls any body 
towards it, the body also pulls the earth towards itself with th(^ same 
force. Why should then the body alone move to the earth and not 
the earth towards the body ? Strictly speaking, the earth also must 
move but its motion is so small compared to that of the body that it 
cannot be taken notice of. Its motion, relative to that of the body, is 
extremely smidl due to its comparatively huge mass, for acceleration 
f is inversely proportional to the mass {m) for the same force (P) 
according to Newtou^s Second Law of Motion. 

/I to. The Laws of Falling Bodies :— 

In vaccum all bodies starting from rest fall with equal 

rapidity. 


The acceleration due to gravity is the sajne f(.>r fill bodies at the 
same place but the resistance of air influences the rate of fall diffmaitly 
in difi'erent cases. This wull be evident by comparing 
the descent of a parachute with that of a lump of 
' stone. The stone will fall v(*ry quickly and the obseiwed 

difference in the rate of fall is due tt) the resistance 
oflered by the air, the resistance* increasing with the 
extent of tlie surface of the falling body. JJiferent 
objects will, however^ fall at the same rate in a 
vacuum where the resistance to motion is nil. 

Guinea-Feather Experiment. —A wide glass tube 
(Fig. 80) about a metre long, having a cup sen'wed at 
one end and a stoi>-cock at the other is taken. A piece 
of paper and a small coin are introduc<*d into the tube. 
On suddenly inverting the tube, it is found that th(‘ 
coin rea(!h(*s thd other end f'arlier than the piece of 
paper. Next, by opeifing the stop-cock at which an air- 
pump may be comi(‘cU‘d, the air within the tube is 
exhausted- On now suddenly inverting tlio tube, it is 
ft*uml that the coin and the paper fall together and 
roach the otiier end simultaneously. 

l’hi> following simple cx])oriment also proves the 
same thing. A piece of paper is laid on a metal disc 
(say, a rupee coiu) of larger diameter and the combina- 
tuHi is dropped down togetlier. ^J'hey are found to 
Guinea- Feather ground simultaneously. Here the disc over- 

E»periment. coiiu‘8 the resistance due to air and so the paper easily 
Fig. 80 accompanies it. 
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(2) The space irav&rsed by a body * falling freely from rest « 
proportional to the square of the time^ e,g. ii the space traversed in 
one second is ^ fee^, in two seconds it will be a: x 2® feet, in three 
seconds oj x 3® feet, and so on. 

So, if s and t denote the space and time respectively, s^t^. 

This can be mathematically represented by the equation, 

[vide Art. 41], where g is the acceleration due to gravity. 

(3) The velocity acquired by a body falling freely from rent in 
propot tional to the time of its fall, e.g. if the velocity at the end of 
one second i*- x feci per second, at the end of two seconds it is 2 r feet 
per second, and at the end of thre<* seconds it is 3r feel per second, 
and so on. For this reason, a stone falling from a balloon at a great 
h'^ight will ac(|nirc such a large velocity that it will strike the surface 
of the '‘arth alujost like a riile bullet. So, if v denot(»s the velocity 
and t the time, ?*»#. This ean be mathematically represented by 
the equation, v=gt [vide Art. 401- 

111. Notes on the Verification of Galileo*s Laws of 
Falling Bodifs: —The Atwood machine (Art. ]0(i) maj be used 
to verify‘Galilco^s laws of falling bodies too. But the method, though 
direct, is only a rough one and the interest of the method lies in its 
antiquity only. The chi<‘f defects are,—the mass of the imlley which 
cannot be neglected, the friction of the pivot on whi<*h the wheel 
turns and the air-resistance. 

A body falling freel> from rest acquires, a very large velocity after 
a short +inie, the acceleration due to gravity being large. To measure 
this velocity in a laboratoiy is a probhan. ^^Ol■eovcr, in (ialileo's 
time clocks were not accurate enough to mea.siire the short 
time involved in such a measurement. So (lalileo used an inclined 
plane down which the inoliou of a rolling ball is mneb slower. A com¬ 
ponent only of the vertical acceleration depending on tin* inclination 
of the plane to the horizontal operates in this cast* to make the ball 
roll down. Thus, to test the naime of tlie acc<‘leration due to gravity, 
h(‘ first, as it were, "‘diluted^ it to mafca* m('a«urcments easy. 

(a) Verification by the*lnclined Plane Method— A fairU 
long wooden plank (BA), say, about 4 to o metres long, is held in an 
inclined fashion (Fig. SI), there being a hiug<‘ at A about which it can 
be turned and thus its inclination (0) to the horizontal can be altered. 
A straight groove is cut on tin* plank from Ji to A atid a marble ball 
when released from the toji roll.s down th<‘ plank along the groove. 
Commencing from the top ot the groove, (jalileo marked off positions 
ao> «i> G 2 » ®.s> « 4 > along the groova*, making the intervals of 

successive distances proportional to I, 4, 9, lb,. ,i.e. proportional 

to th(j squares, 1®, 2®, 3*, 4®,.Suppose these intervals are 10 

40, 90,160 cms., etc. The ball moves when released from the top, 
with an acceleration which incroase.s as the inclination of the plank is 
increased. The inclination of the plank is at first so adjusted that the 
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ball rolls down a distance of, say, 10 cms. in the first second. Galileo 
started the ball from the top and verified that the times of its des¬ 
cribing the marked intervals were proportional to 1, 2, 3, 4,.secs. 

Hence the distances described from rest were proportional to the 
squares of the times. This verifies the second law of Galileo for 
an inclined plane. Now tliis could be so, only if the acceleration is 
constant [cf. s—ut+^ft^). The same result was obtained when the 
experiment was repeated with balls of different masses. This proved 
that the acceleration is independent of the masses and is constant at 
the same place -for a given inclination of the plane. As the inclination 
was increased, tbe acceleration increased but remained constant for 



any given inclination. From this he argued that when the inclination 
is vertical, this should also be constant, or in other words, the 
acceleration due to gravity at a place is a constant quantity. This 
verifies the first law. 

To measure time Galileo used the following device which may be 
called a water-clock. He took a vessel of large transverse section 
having a bole at the bottom, ^t first the hole was closed by the 
finger and the vessel filled with water. *He removed his finger when 
the ball was started and the escaping water was collected When the 
ball reached a mark, he again closed the hole and the water collected 
in the mean time was weighed. This weight gave a fair measure 
of the time elapsed, for the former is proportional to the latter 
approximately. 

To measure the velocity acquired by the ball at the end of the 
Ist., or 2nd., or 3rd., etc. secs., a smooth platform is held horizontally 
at Ac position fli, or az, or as, etc. respectively as the case might be. 
When the ball falls on the platform at a position, fl], or a^, ejjc. it 
moves forward over the platform with uniform velocity, the velocity 
being equal to that which the ball acquired in rolling down upto the 
position concerned. The velocity is measured by finding the distance 
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travelled by the ball on the horizontal platform in a given time. The 
velocities, when so determined, at ai, as, as, a 4 , etc. will be propor¬ 
tional to 1, 2, 3, 4, etc. secs, i.e. proportional to time. This verifteB 
the third law. 

112. The Falling of Rain-drops : —A small rain-drop does 
not fall so quickly as a larger one, as the rate of fall of a smaller one 
is retarded more by the ail*. 

The resistance of air is proportional to the area of cross-section 
through the centre of the drop, i. e. “ X (radius)**. 

But the weight of a drop “its volume « ^ttx( radius)®. 

^ Hence, when the radius increases, i e. for a drop of larger size— 
the weight increabes more rjipidly than the resistance of the air. So 
a Larger drop falls more rapidly than a smaller one. 

It has been found that the maximum velocity of a very small 
rain-drop of diameter equal to about i'3 cms. per sec., 

•and that of a larger drop of diameter equal to 0'4h cm. may bo about 

cms. iier second. 

113. bodies projected Verticcdly Downwards :--li si. body 
be proj(‘ct(‘d vertically downwards with an initial velocity u, the 
equations of Art. 39 become, 

V —u +0^, where ?; is the velocity after a time f ; 

s + „ s „ distance fallen through ; 

v^ = u^+2gs, g being the acceleration due to gravity. 

114. Bodies projected Vertically Upwards a body is 

proje(jted vertically ujiwards with an initial velocity u, we must 
.substitute —g for f, and the equations of Art. 113 now become, 

v^u-gt; s=ut~^gt^ ; v^ = u^~2gs. 

Greatest Height attained. —At the highest point the velocity 
of the body is zero ; so if a; be the greatest height attained by the body, 
we have, 0=u^ — 2gx. , 

Hence the greatest height attartied==tt^/2^f. 

Again, the time t to reach the highest point is given by, 

() — u — gt, whence t—ulg. 

Similarly, t/jg will be the time to roach the ground from the 
highest point. So the whole time of Q.ighi=2u(g. 

Examples, (1) A body it thrown DerfioaUg upioardt loith a velooity of 100 fi. 
per see. Find (a) how high it will rise. (6) the time taken to reach the highest 
point, ( 0 ) the time of ita retmnif^ to the ground. 

At the hiShest point the velocity of the body will be momentarily eeto, and 
the body will then fall. 

(a) Here, u*100 ft. ; v=s0 at the highest point; ^**32 ft/sec*., ? 

We have v*mu'*—2ge. 
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156-25 ft. 
64 


0»100*—2x 32x« ; 

(&) Here w—llX) it./sec.; »«0; ^=*32 ft./iecs.*; ts ? 
0«100-32*; 


We have 
(c) Here 

k 

We have 


'“■32 *“• 


a = 100 ft,/sec.; ^=32 ft./*ec.* ; assO ; f = ? 


; or, 

A 


“«*-|a**; 


or, ; -whence either *=0. which is rejected ; 


1 

or, - ; 

2 g 


, 2X100 ,l 


(2) Tivo afonee are pri^eeted vtrHcaUy upwardt tii th» tame inttarU. One 
ateendt 112 ft higher than the other and retume to earth 2 eeeonde later. Find the 
veloeitiee of projeetion of the etonee (,g=s22 ft. per aeo. per nee,) (O. V. 1935} 

At the highest point • will be momentarily eero, so we have, 0—t**— 2flfa, 

or, fot one stone. For the other stone, a4-112»»^, 

2g 


112 ' 


2g ■ 


2g 


( 1 ) 


At the highest point or, t=:ulg. Total time of flight 

ti^2ulg; and for the other, the total time of flight (<i+2)=s2t*i/fi'. 

. o_2(«i-«)_«!—« 

g 16 


.( 2 ) 


From (1), 


112= ^ X -2 X • 

64 “* 16 4 4 2 ’ 


•. Ui+«=224 ; and M=t32, fiom (2) 

or. Vj^=<128 ft,/sec.; and u*i96 ft /sec. 

(3) A etone ss dropped from a baUoon at a height of 200 feet adoee the ground 
and it reaehee the ground in 6 eeeonde. What ime the veloeity of the balloon juet 
ol the fnomstil when the atone was dropped t (C. U. 1942) 

At the moment when the stone was dropped, it was moving upwards with 
the same velocity as the balloon. Let this velocity be u ft. per sec. upwards. 
So, here u is negative, and g is positive and the stone is falling downwards, 

Here, u= 7 ; a=200 ft. ; *=6 secs. ; p = 32 It./sec*. 

We have, aa:(-t *)#+2 8** ; or, 200=» «ux6+2X32X6*=-u.6+ 576 ; 


6«=576—200= 376 ; or, us=62^ ft. pet sec. =62*6 ft./sec. 

(4) It ie required to pierce a war balloon at an elevation o/^ mile by meant 

of a rifle bullet fired immediaidy under it. If to pierce the balloon, the bullet mutt 
have a velocity of 40 ft, per eec, on reardiing the h^loon, with what velocity mutt tt 
leave the rntude of the gun f {Pot, 1922} 

1 mile 1320 ft. 

4 4 

Here v—40 ft./scc.; ua 7 ; pac32 ft./scc.* ; a = 1320 ft. 

We have, 408«i*«+2flra; or, 40*=«* +2 (-32)X1320 ; 

u*=.40*+64X1320 - 86080 ; m* 293-4 ft. per sec. 
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PENDULUM 


115. Historical Noto :—Galileo appears to have been the 
first to make use of the pendulum. One day when in the Cathedral at 
Pisa, 1583, he was watching a swipging lamp and noticed that while the 
oscillations of the lamp gradually died away, the time taken by it to 
make one oscillation still remained the same. He timed the oscillations 
by beats of his pulse. This discovery, he pointed out, could be Utili.sed 
to regulate clocks. In 1658 Huygens actually used the pendulum to 
regulate the motion of clocks. 

116. Some Definitions :— 

'The Simple Pendulum —A. simple pendulum is defined a''a 
Jheavy parthde susj)ended by a weightless^ imxtensible but pefeetly 
flexible thread, from a rigtd support about which it oscillates without 
friction. In practice, however, a small metal bob suspended from a 
fixed siipport by a very fine long thread is taken to be a simple 
pendulum. 

A 

V'' • The Compound Pendulum —Any body capable of oscillating 
freely about a ^horwontal axis is known as a oom])ouud pendulum. 
The metallic rod carrying at its lower end a heavy lens-shaped mass 
of metal, known as the bob, acting as oscillator in a clock is an 
example of a compound pendulum. 

\/iThe Seconds Pendulum —It is a simple pendulum which 
takes one second in making half a complete oscillation [i.e. one 
vibration or swing). So it has a period of two ^seconds. When it is 
said that a pendulum beats one second, it mean^ that it takes one 
second to make one swing. 


117. Some Terms :— 

Sr^ength of a Simple Pendulum, —It is the distance (L) from the 
point of suspension upto the centre of gravity of the bob, i.e. the 
distance between A and B [Pig, 


82(a)[. That is, it is the length 
of the suspension thread plus 
the vertical radius r of the bob. 
It is also called the effective 
length of the pendulum. 

SxAmplitude. —The maxi¬ 
mum angular displacement < 
[Fig. 82 (b)| of the bob, mea¬ 
sured, on (‘ithcr side, from its 
undisturbed position (given by 
the vertical position A) upto 
the extreme position as shown 
at G or D, is called its ampli¬ 
tude. It should not exceed 4" 
for the motion to be simple har~ 
monic {vide Art. 119]. The 






jy 


I 

\ 

L 


(«) 


Ftf.B2 


0 / 

/ 

I 


! 'C 
■ \ 

\ 


060 



( 6 ) 



110 


INTEtlMEDIATE PHYSICS 


amplitude of a simple pendulum gradually decreases as the boh 
swings, on account of air-resistance mainly. 

Time period (or simply Period),— It is the time taken by a 
pendulum to make one complete oscillation. One complete (oscilktion 
compraes two swings—one forward, another backward. An oscilla¬ 
tion is usually reckoned frojn the extreme position D [Fig. 82 [h]] 
to tho other extreme position C and back to D next time ; or, from 
the undisturbed position £ (pendulum vertical) when, say, it is moving 
to the right, until when it passes through the undisturbed position 
E again moving in the same direction as shown by the arrows. 

One rihration means the motion from one extreme position, say, 
D, to the other extreme position C, i.e. it is half of an oscillation. 
s^,^Frewency .—It is the number of complete oscillations made by a 
pendulum per second at a place. Thus, if w—frequency, and ^=time ’ 
period, »d==l, or, 

sX Phase —^The phase of a pendulum gives its state of displacement 
and motion at any particular instant, i.e. it determines the position of 
the pendulum in the path of motion and also the direction of motion 
at thsdi instant. 

• J 18 . The Laws of Pendulum : — ^The laws of oscillation of a 
simple pendulum are given by the following relation— 

irWj- 'X' 

where <=pcriod of the pendulum ; Z=efiPective length; p=acceleration 
due to gravity at the place of oscillation. 

yLaw 1. The oscillations of a pendulum are isochronous—That 
is, a pendulum takes equal time to complete each oscillation whatever 
is tho amplitude, provided the latter is small (within 4'). So time- 
period ' is independent of the amplitude of vibration. This is also 
known as the law of isochronism. 

JLaw 2. The period of oscillation of a pendulum varies directly as 
the'square root of the length. Mathematically, Z « v^/, or Z/<® = a con¬ 
stant for the place of observation. Thus, if the length be increased four 
times, the period becomes double. This^is kfiown as the law of length. 

[Note. The length of a pendulum changes with temperature : .so 
the period Z of a pendulum changes with temperature.) 

'Tkav 3. The period of oscillation varies inversely as the square 
root of the acceleration dm to gravity at the place of observation. 
This is known as the law of ojceeleration. Mathematically, 
tf»ll >Jg, or Z® X g=a constant, for the same pendulum. 

Thus, if g be greater at a place, Z wiU be loss, i.6. the pendulum 
will vibrate more rapidly. 

dUcav 4. The period does not depend on the mass or material 
of the bob of the pendulum, provided the length remains constant. 
This is known as the Icao of mass. 
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119. Simple Harmonic Motion* A body is said to execute 
simple harmonic motion (abbreviated as S.H.M.), if it does a to- 
and-fro periodic motion* in a straight line such that its acceleration is 
always directed to a fixed mean position in that path, called the 
position of equilibrium, and is proportional to the displacement from 
that mean position. 


120. Motion of a Simpln Pendalam is Simple Harmonic :— 

Let the bob of mass m of a pendulum of leee^th I [Fig. 83] be displaced 
through an angle 6 from its undisturbed posiiion B to the position 0. 
If (jr be the accelenition due to gravity at the place, the weight mg of 
the bob can be resolved into the two ccJliip- 
^nents mg cos 9 acting along CF^ the direction 
of the string which is kept taut th(^eby, and 
mg sin 9 acting ai G along CE at right angle's 
to CF. The former is balanced by the tension 
of the string, while the latter tends to bring 
th(‘ bob back to its original position B with an 
acceleration g sin 9. If 9 does not exceed 4'', 
sin 9 may bo taken to be equal to 9 and s(^ the 
acceleration of the bob, g nin 9=ii9. After 
crossing the mean position B^ when the bob 
moves towards BD by virtue of its inertia and 
acquired velocity, the acceleration acts in the 
opjjosite direction. i.e. towards B and so the 
motion decreases and vanishes at tlic other 
extreme position /), when the direction of 
motion is reversed. This ^plains why a pendulum should oscillate 
at all. The acceleration, it is to be noted, is always directed towards 
the mean position B. 

A • = =_displm^emenj^__ 

gam, lengtii AB lengtli of pendulum (H 


1 


/f^ 



Fig 83 


Acceleration 



X displacement 


That is, the acceleration is proportional to the displacement, 
g and I are constants for the pendulum at a given place. 



because 


Thus, acceleration being proportional to displacement and always 
•being directed to a fixed position B in the path of motion, the motion is 
simple harmonic, according to the definition of simple harmonic 
motion. 


•Fot a detailed treatment of Bee Chapter II on in Sound, 

Part III of this volume. 
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Though a pendulum continues to oscillate for a long time, it, 
however, gradually stops due to the resislanc^ of air and the friction at 
the point of suspension ; otherwise a pendulum would have oscillated 
for ever, had there been no such resistance to stop it. 


121. Period of,a Simple Pendulum: —Mathematically, the 
motion of a pendulum, which is simple harmonic, is given by \ vide 
Art 10, Part Illj, 

= where co=angular velocity 

JL/i8plQfC0ni6n.t 


time-period. 

Thatie, i, from (1) above, 

acceleration g 

Verification of the Laws of Pendulum :— 


Law l^{Law of Tsochronism). —^To verify the law, note 
with a stop-watch the total time of, say, 20 oscillations with diHerent 
amplitudes, keeping the length constant. It will be foniul that the 
period*^ in each case remains constant. 

It should be noted that the 
law is true only for suiall 
angles of amplitude (about 4’); 
so when noting tli<‘ times of 
oscillation with diiferent 
amplitudes, care shouhl be 
taken not to exceed the maxi¬ 
mum limit of 4°. 

Law 2-^The Law of 
Length). —Find the vertical 
radius of the bob by means of 
a slide callipers, and henct' 
d(‘termine the length from the 
point of suspension uji to the 
LENGiH OF PENDULUM centre of gravity of the bob. 

84 Observe the time taken for 20 

• complete oscillations, and thus find the period. 

^ Change the length of the pendulum and again find the period. In 
this way get several values of the period for lie corresponding lengths. 
It will be found that t « V/, the value llt^ will be a constant. 
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Law 3MThe law of aoeeliraiion).-^Thk law can be vaified 
hy taking a pendulum to different places having diflTcrent values of ff. 
It will be seen that at a place 
where g is greater, the vibrations 
will be quicker. x p will, how- 

. ever, be found constant at 
different places for the same 
length of the pendulum. 

Law 4—{The law of mass). 

—^Keeping the effective length of 
tlie pendulum the same in every 
case, if the bob be replaced by 
f another one of different size or 
of a different material, it will be 
found that the pcftiod i remains 
unaltered. 

By performing tins experiment 
with bobs of different susbtances 
(such as wood, irofl, brass, etc.), it 
can be shown that the accelera- 

•tion due to gravity at the same place is the same for all bodies. 



n M as 
lENCTH m CMS. 

Fig. 85 


Graph —Draw a graph with the length I (along the J^-axis) and 
time period i (along the Y-axis). The relation between I and t will ^ 
an arm of a parabola (Pig. 84). The graph in (Fig. 85), which is a 
straight hm, rcjiresents the relation between I and t^. From any of 
these graphs, the length of the i>endu]um corresponding to a given 
time of oscillation can be determined, but it is better to take the 
help of I and graph (straight line) for this purpose. 


123. The length of a Seconds Pendulum :—The period of 
a seconds pendulum is 2 seconds. Hence from the formula for the 
period of oscillation, we have, 



or 


/ JL 9 




d) 


8o the length of the seconds pendulum changes at different places 
-depending on the value of g. 


Taking the value of g to be 981 e.ms. per sec. per see., the 
length of the seconds pendulum becomes [from eq. (1) above], 

981_981 . 

9-87 ■ 


h 


7T* 


'99'39 cms. 


Taking the value of g to be 32*2 ft. per sec. per sec., 

J=8-26 ft=8912 inches. 

TT* y 87 


8 
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Graph. —^To determine the length of the seconds pendulum from 
the graph, draw the I and graph (Fig. 85) and hnd the length 
corresponding to t^—4.. 

124. The Value of V by a Pendulum :—By carefully 
measuring the length and the corresponding period of a simple 
pendnlum, the value of g at any place can be determined from the 
lormida, 

. t « ; whence g = 

Thus, when the value of //i® at a place is (say) 24*84, g is given by 
fli=4sT2x///2=4x9’87 x24'84 = 980*68 cms./sec®. 

125. Loss or Gain of Time by a Clock on Change of 
Place :—^The loss or gain of time depends on (a) the latitude of the 
place as the value of g varies with the latitude of a, place (Art. 98). 
It (fif) is minimum at the equator and increases gradually towards a 
pole. But as the time-period < of a simple penduliuu varies in tersely 
as the square root of p, the period < of a pendulum will decrease as 
it is taken from the equator to a pole. So, a pendulum clock will 
gradually gain time, i,e. will go when taken from the equator 
to a pole. 

id) The loss or gain of time also depends on the height of a place 
above the sea level. As the value of g diminishes with tlie distance 
above and also below the surface of the earth, tlie time-period ^ of a 
pendulum clock will increase, and so the clock will lose time, t.e. will 
go slower when taken to the top of a mountain or to the bottom of a 
mine. 


.^26. Measurement of Height of a Hill :— 

(«) Bg a pendulum experiment — 

Suppose g and g' are the respective values of the acceleration 
due to gravity at the bottom and at the top of a hill as measured 

by a pendulum experiment. Then, ah 
.shown in Art. 100, at the bottom 



9 * y,2 » 


with usual notations, 


where 22=radius of the earth (Pig. 86). 
VcceloKition g’ at the top of a 
lull of height k will be given by 




the above equa¬ 


F»g. 86 


( 1 > 


tions, 

g' ’ ’ R V g' 

Thus, if It is given, h will be known when g and g' are experi¬ 
mentally determined. 
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(n*) By a Clock — 

Suppose, a clock gives correct time at the foot of a hill aud loses 
n secs, a day at the top of it 

Then, at the bottom, 


9 


( 2 ) 


where /=length of its pendulum, which is really a seconds pendulum 
and at the top, where it makes (86400 —w) swings in 86400 secs, 

86400 f I 
86400-n V g' 


From (2) and (3). 7^,= ^ 

^ g 80400 - n 

Froia( 1) and* (4), 

it 86400 - 71 

Thus, h will be found, if 72 is given and n determined. 


(3) 

(4) 

(5) 


t27, J'ht Dhadoantages of a Simple Pendulum :— 

(?) In obtaining the formula for the simple pendulum, the thread 
was assumed to be weightless and aU the mass of the bob was assumed 
to be concentrated at its centre, but, in practice, neither of these 
conditions is strictly true. 

{ii) The formula for the simple pendulum is true only for 
very small amplitudes, and corrections should be made for large 
amplitudes. 

(m) Corrections should also be applied for the effect of resis¬ 
tance on motion, and the buoyancy of the air, which nescs the centre 
of gravity of the pendulum. 

(??’) Errors ar^ also introduced due to the slackening of the 
thread when approaching the limit of swing, and dm to the friction 
at the point of smvension which may interfere with th(‘ free move¬ 
ment of the pendulmn. • 

Examples —(I) Find iht length of a seconds pendulum at a place where a = 98J. 

(C. U.1922,1919) 

For a simple pendulum, we hfive, 

For a seconds pendulum, «-«2 secs.; 2=2X^^ f * . 

7 V 981 


Hence 




49 

22X22 


X981 = 99 31 cms. neatly. 


(2) Two pendulums of lengths 1 metre and i l metre reepectively start ewinging 
together with the earns amplitude. Find the number of ewinge that will be egeeu~ 
ted by the longer pendulum before they will again ewing togetiter (g=s978 om*. per 

(0.17, 1999) 

Let t, and ly be the periods of oscillation of the pendulums of lengths 1 
metre and 1*1 metre respectively ; 1 metre=*l00 cms. and 1*1 metres^llO cms. 
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Thenwehtve, i .nd <,* 2 iry |W _ 

Sappo« th. pendulum qf 11 metre Ien(th mekei», twto|a, end the other 
makes iwings before they again awing together ; “ 

then, or, .( 1 ) 


But.’ (-v/IiO-VlOO) 


or. 


»(Vil0+l0)n,-205w* (nearly) s=^ n, (nearly). 
neeS.*" * ‘“»t » a and therefore, n.-41 

» Plac 

at a jdooa where g»3i01 ^ nave to Oe ehanged $o that tt may beat eeeonde 

The period of a acconda pendulum is 2 leconda. * 

We heve. Hence 2=2^7X 

'^8 V 980 

Again, f Jy • /T" fjy 

V 340' “ V 980^3^' 

or, k«?40. . _17 

* 980* •• '*"-4/ 

Hence the len,th ha. to be .hortened to | of it. ori,in.i ien.th. 

(d) A pendulum which betOe aeeonda ni « 

« pitm. mhar. p=3Mjr, ,«nj, oT^S’X'f ^ 

thit caae «i if ‘VmI?o‘2”ra.rbu?th “hc?if'?ot In 

We have, tx'^Zv f 

V 32197■ •- 

Hence, / 32197 , yl^-O-Ooi f7~7~0' 

H V 32*2 V "■‘32^~“V ( 


- 003\ 

■32-2 y’ 


— ^ ^ 

Becauae period « we have t. > .„d .0 th. pendulum wiU lo.. time. 

*«w“"?'t864M-»“J^8Molix?^'24X60x60. 

< 86400 -»)» 86400 xi- 86400 X / 71 I?^- 85400 r 1 -£ 2 S 8 \» 

“86400^ 1—iv’lW^N e 322/ 

V 2X322;‘'’P'<>«-"86400-4i .-. »=4«a. 
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Hence the pendulum loees 4 eece. per day. • 


(d> A pw.M/u,m whi^baatt aacondt at tha Equator gaina fiva minutaa par da^ 
of tha Potaa. Compara tha valuaa oj gat tha two plaeat. 

Let g\ and <x denote the value of g and period respectively at the equator, 
and >nd those at the poles. 


Because the pendulum beats seconds at the equator, seconds. 

We have,; or. 4=4w*—; ..... 

9x — 




Now, at the poiet, the pendulum gains 5 mmuces per day, that ia (5x60) 
^ seconds in (24 X 60 x 60) secs. .*. It gams * 

1 2 

s.e, it gains “sc. in one vibiation ; or. sec. in one complete oscillation, 

28o dico 

Because it gams sec, in one oscillation, its period, 2—secs. 

288 \ 288 / 288 

- ■>— . <^> 

p __ A i'>\ 9x _287*_289 

From (1) and (2), “1= ooat* .«>»» odi ®PP'o*-• 

9% 4r*lx^®! 4rr*x ^91 

574* 4X 287* 

(6) A pendulum of length I loaea 5 aaoa.in aday. By htm much nvu^ ^ be 
ahorlaned to'haap oorract time f (C. U. 1932) 

There are 86100 seconds m a day. As the pendulum loses 5 secs, a day. 
its beats (86400—5), or 86395 times m one day, i.e., in 86400 seconds. 

Time of one vibration (time of one swing), (and...not 1 sec.). 

But the time of one swing, <e. half oscillation is sl^g- 

’ We have ir ,.,.86400 . 

in order to keep correct time, fet the length ol the pendulum be shortened 
by af. In this case, it becomes a true seconds pendulum and its time of one 
vibration becomes 1 second. 


... ( 2 ) 


Then we have. TT j n-2 -~®=1 ... ... (j 

Fron. (1, .nd (2, 

( 2x 5 \ 

Binomial theorem. 


From 




(neglecting other terms). 
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iL. 

86395* 


If ^ i» taken to be 981 cms./scc.*, we have, *s«^-^^^L^=50'01l5 c®b. 


128. Johann Kopler —(1571—1030) Bom at Wiel, a town in 

Wurtemburg. Ho was born of poor but noble parents. Ho bogjm his life 



Jonann Kepler 


l)assing throuj^h several vicissitu¬ 
des o£ life, ho ultimately gradua¬ 
ted in 1.591 from the Tubingen 
University. Ilis princijial works 
rchite to optics and llie Cojku'- 
niean planetary'systcni. Ho is 
[iT’actieully the founder of goo- 
luf'trieal opti<‘s i.e. the part of 
oi)ti( b which is based on the 
roctilmear ]>ro]ligation, lofli'o- 
tion, and refraction of light. 
Tlie three planetary laws named 
after him bear.- eloquent testi¬ 
mony to the gigantic labours he 
made in studying tlie planetary 
motions. In 1001 he became an 
assistant to Tycho Brahe, a 
Danish Astronomer and the 
valuable observations which 
Brahe made with his 
famous astronomical appara¬ 
tuses became available to him. 


He became the Director of thi' Laboratory when Tycho Brahe died. 
He put in six vears of tirole.ss labour making observations on the 
• path of Mars alone. He worked muinly in Prague which he left for 
financial reasons and later in 10J!2 went to a school at Linz where he 
continued for fourtt>en y(‘ars. Tlis work m Linz resulted in his 
famous book “Harmouii'cs Miindi’^which contains a comprehensive 


record of his studies 


129. Galileo Galilei (l501—1G42)in Italian mathematician, 
astronomer and experimental physicist. He is ])crhaps the earliest 
soientist whose works gave definite directions to the progre.ss of our 
physical sciences. While studying medicine at the University of 
Pisa, a Iceturc on Euclid which he attended aroused in him a deep 
interest in Matlu'niatics and he ajiplicd himself so seriously to it 
that at the early age of twenty-four he wrote a treatise on the centre 
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of gravity of solids Next year 
Mathematics at the University of 
Pisa At this time ho discovered 
his famous laws of falling bodies 
and gave public demonstrations by 
dropping stones of different sizes 
from the top of the hnnuiQ tower 
of Pis / to prove that all bodies fall 
with equil rapidity Pre\ioiisly 
Aristotle ((rreck pluloso])her and 
political thinker) Lmdit the woild 
that bodies fill in times propor- 
^tional to their weiglits. (r.dik o had 
to Icive Pisa foi smh public 
demoii&lrations against popular 
beliefs Next he joined the Pidiia 
Ijiiivcrsitv as Piof<s>ior of Mailu- 
matus Ills attention lun' wis 
turned to istron^nu ^ihen in 1M)1 
a bright nt w star wis discovered 
in the (onst< II ition of Hcrpoutaruis 
Ilewas senuhingloT i -<111 table aid 


he was •appointed a Professor of 



Galileo Galilei 


foi distint vision V ininoui goes 

tint a Dutch lons-grinder had found that two lenses used together make 



Christian Huygens 


distant objetts appeal close at 
hand ind (jahleo took the hint 
from hull in eoiistiacting the 
fast telescope IIow thrilling 
thfj must have been when with 
its aid he for the first time saw 
the mountams on the moon, the 
satellites of Jupitei, the rings 
of the 'Saturn, the sun-spots, 
^Lc ’ lie wa-5 a strong supporter 
of PoiicinieuH^s theorj that it 
IS the t irtli and the planets 
which i(\olvo round the sun 
and not the latter round the 
Ciirih, though the opposite idea 
was fumlj cnlicnchcd in the 
minds of the people of bis time. 
'Jlie antagnuibni of the chiirc‘h 
compelled him to di&eard this 
belief and he letiied to his 
village home, near Florence, a 
completely broken man wheie 
he died m 1642. 
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iSO. Christian Huygens (1629—1695) A Dutch Physicist 

contemporary of Newton. He ranks with Galileo as an. 
investigator of Nature. His chief claim to immortality relates to 
the development of the wave theory, though his contributions to 
Mathematics and Astronomy are no less. He discovered the Orion 
Nebula and was the inventor and perfector of pendulum clocks. 
Elected to the Royal Society of London he delivered in 1663 his 
famous lecture giving the laws for the collision of elastic bodies. He 
thoroughly studied the properties of curves, particularly the Cycloid. 
He died a bachelor. 

131. Sir Isaac Newton (1642—1727);—An English Physicist 
and Mathematician and a genius with few equals. The foundations 

of most of our physical 
sciences rest on his 
different works. His 
treatise Prinripia is 
an immortal gift to 
posterity. In it are con¬ 
tained,, amongst others, 
the foundations of Me¬ 
chanics—^the laws of 
motion, given in Latin, 
and their applications 
to motion of heavenly 
bodies under gravitation. 

He was bom at 
Woolsthorpe, Lincoln¬ 
shire, England on the 
Christmas day of 1642, 
a posthumous son. From 
his boyhood he was 
philosophic in tempera¬ 
ment. Educated at the 
Trinity College, he re¬ 
ceived the M.A. degree 
from Cambridge in 
1665. That year the 
black plague broke out 
and he removed to 
Woolsihorpe where 
during the next few 
years he made ihe 
greatest discoveries. Once while sitting under an apple tree in his 
home garden, it is said, a ripe apple fell on his head, "^y should the 
apple fall towards the earth ? He thought and concluded that there- 
mixst be some attractive force between the earth and any material 
body. He knew the three laws of planetary motion which Kepler 
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had discovered before, as also the Galilean laws of falling bodies. In 
nearly a circular path moon moves round the earth once in a 
month. A force is necessary to keep the moon in its orbit The 
question arose in Newton^s mind—^was this force of the 8am<> nature 
as the force which makes an apple fall ? He founded the doctrine 
of universal gravitation from reasonings on this question. During his 
short period of stay at Woolsthorpe he also worked out the principles 
of Differential Calculus, for he found that the existing inadiematical 
knowledge of his times was not adequate to deal with the problems 
relating to continuously varying quantities. He next devoted his 
attention to the studies of optics and revealed the composition of 
white light by the use of a prism. He also advanced a theory on the 
, pro[K»gation of light, namely the corpttscular theory. He was a great 
practical oiitician too and constructed a reflecting type ot telescope. 
He also worked.on the viscosity of fluids. 

In 16(>9 he was ajipointed Professor of Natural Philosophy at 
the Cambridge University. He was elected to Parliament and acted 
lor twcut>-five years as the President ol the Ro>al S()ciet> and was 
knighted by C^ieen Anru' in 1705. A remark of hi.s made at the 
death-bed' show how mtMl(‘st he was though so great. He .said 
“If 1 hav( seen farther than others, it is by shinding on the shoulders 
of giants”. At the age ot fifty ho developed 
a nervous break-down, after which he did 
not do much scientific work aud turned to 
theology. He died at tlie riiie old age of 
eighty- five, a bachelor and was buried at 
W'ebtministor Abbey. 

132. Henry Cavendish [nSl —1810);— 

He ranks with bcheele, Priestley and Black 
in founding the science of chemistry. He 
belonged to a noble and rich family of 
England and lived a litc devoted to science. 

He discovered in 1771 that Hydrogen and 
Oxygen when burning together form water. 

His researches on the chemistry'of the air 
practically led to our present knowledge of 
tlic composition of the air. In 1773 his 
electrical investigations led him to establish 
the law of inverse squares for electric 
forces. He successfully mea.sured by means 
of a Coulomb Torsion balance the force of Henry Cavendish 
gravitational attraction between two lead spheres which ho set up. 
Perhaps this was the firat time that such a small mechanical force was 
experimentally measured by any worker. He calculated the value of 
Gi from the masses concerned and their distance apart This enabled 
him to calculate the density of the earth and so “Cavendish is often 
said to have weighed the earth.* 
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Questions 

1. What i» meant by the phrase “Constant of gravitation is 6’6XlO'*c.g.8. 

unit” ? (R. U* 1954) 

2. Calculate the mass of the sun given that the distance between the sun 

and the earth is 1*49X10'’^* cm. and Ga 6 66xl0~® c.g.s. unit. Take the year to 
consist of 36'i davs. (P. U. 1942) 

{Am.: 4*847X10’* lb.] 

3. A body is weighed at the surface of the earth, at the sea-levtl and at 

the top of a mountain. State, in general terms, bow the position will affect 
the weight andLmass of a body. Give reasons for yout answer as far as 
possible. (C. U. 1920; tif. Pat. 1932) 

4 State where a body weighs more—at the poles or at the equator. Give 
reasons. How do >riu prove this difference in weight experimentally ? 

(C. U. 1931. ’40) 

5 Distinguish between mass and weight. How are the mass and weight of a 
holy affected by variations of latitude 7 Is weight an essential property of 

matter ? (C. U. 1941; c/ Nag. Ij. 1950 ; Pat. 1932) 

6 Describe an Atwood’s machine and explain how you would use it to 

determine the value of g in the laboratory. (Pat. 1955) 

7. .State Newton’s law of gravitation. Obtain an expression for the 

acceleration due to gravity in terms of the mass of the earth, the radius of the 
earth, and the gravitational constant. fR. U. 1955) 

8. What IS meant by “acceleration of gravity" ? How do you prove 

that it v.trics from place to place on the earth’s surface ? How does it 
vary ? (C. U. 1933; cf. All. 1939 ; U. P. B. 1943) 

9. How does the rotation of the Cirth affect the acceleration due to gravity? 

(R. U. 1955) 

10. A light string passes over a smooth pulley and has masses of 240 gm. and 

250 gm. attached in its ends. Calculate the value of if the sistem starting 
from rest mo\es a distance of 160 cm. in 4 second*. (Anna. U. 1950) 

\An».: 980 cm /sec.*.] 

11. Two masses of 80 and 100 gm arc connected by a string passing over a 

smooth pulley. Find the tension of the spring when they are in motion. Find 
also the spare described in 4 sees, (g=981 c.g.s units). (M. p. 1951) 

[Ana.: 87200 dynes ; 872 cm.] 

12. A m’ln weighing 10 stones IS sitting in a lift which is moving vertically 

with an acceleration of 8 ft. per sec.*. Prove that the pressure on the bise of 
the lift is greater when it is ascending than when it is descending and compare 
the pres ures, ^ [Pat. 1931) 

[4«e.; R/Ri=5/33 ^ 

13. A mass of 10 1b. is hung from a spring balance attached to a lift. The 

lift 18 (u) ascending with an acceleratioii of 4 ft/sec.*, (6) ascending with 
a uniform velocity of 4 ft./sec. Calculate how the reading ol the spring balance 
will be affected in each case, (g—32 ft /sec.*). (Pat, 1953) 

Ana .: (o) The balance will read more by 1'25 ib. 

(b) The balance will record the same all along.] 

14. Show that f ir a falling body the distance through which it falls down 

during c given number cf secs, is equal to the distance travelled during the first 
sec. multiplied by the sq, of the number of secs. (C, U. 1946) 

15 A body of mass 50 gtns is allowed to fall freely under the action of 
gravity. What is rhe force acting upon it ? Calculate the momentum and the 
kinetic energy it possesses after 5 seconds. (g=980 cms. per sec.*), 

(C U. 1937) 

[Ana. ; 49 x 10* dynes ; 245X10* c g.s. units ; 60025X10^ etgsj 
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16 How would you experimentally show that the acceleration of a freely 
falling body is uniform ? (Utkal, 1948, *30, *64.) 

17. State the laws dt falling bodies and illustrate them by suitable 

examples. (C, U. 1941) 

18. How is the period oi swing of a pendulum related to the wt. of the bob, 
its length, and the amplitude of the swing 7 Hence state the laws of oscillation 
of a simple pendulum and state how you would verify them experimentally. 
What is meant by effective length ? 

(C. U, 1913, *15, *17. ’19, ’21, ’24. ’32, ’36, .40, '47. *49, ’63; Pat. 1946). 

19. Explain why a pendulum should c scillate if the bob is drawn aside and 

let go. « (Pat. 1946) 

20. Obtain an expression for the period of a simple pendulum. What is the 

practical use of this formula 7 (R. U. 1951) 

21. What is a simple pendulum ? State rhe laws uf vibration of a simple 
''pendulum. Explain in general terms how a clock will fain or lose as it is taken 

from the surface of the earth to the top of a hill and to the bottom of a mine. 

. (C. U. 1957) 

22. State the laws of vibration of a simple pendulum and find the length of 

a seconds pendulum at a place where g is 980 ems./sec,*. (C. U. 1951) 

[Ana.; 99 29 cm.] 

23. A faulty seconds pendulum loses 20 secs, per day. Find the required 
alteration inJcngrh*so that it may keep cortect time ; given ^^=32 £t./src.*. 

(Pat. 1953) 

[Ana..- 00016 ft.] 

24. (a) How will you proceed to determine the 'g' of a place with a 
pendulum ? G.vc the practical directioi s necessary and slate reasons. 

(U. P. B, 1947.’98; G.U. 1949) 

(6) What IS the effect of the height above, or the depth below, the surface 
of the earth, on the periodic time of a pendulum ? t.G. U. 1949) 

[As 'g' decreases, the periodic time of a pendulum increases and hence a 
clock will go slower.] 

25. A pendulum which keeps correct time at the foot of a mounr^an loses 
lb seconds a day when taken to the top. Find the height of the mountain, 
Neglect rhe attraction due to the mounratn and take the radius uf the earth as 
21X 10« It. 

[Am. : 3890 ft, approx.] 

A pendulum which beats seconds at a certain place where 'g' is 981 
cms./sec.2, is token elsewhere where 'g' kis 978‘3 cms./sec.*. Calculate the 
number of seconds it loses or gains in»si day ? (.Pat. 1939) 

[Ana.: It loses 1 minute 58 89 seconds.] 

27. Will a pendulum clock g^in or lose, when taken to tbc top of a 

mountain ? (C. U. 1917, ’19 ; c/. U. P. B. 1941) 

28. When a ball suspended by a strinti is made into a ‘seconds pendulum’, 

docs the actual length of its string equal the length of the equivalent simple 
pendulum ? If not, why ? (C, U. 1912) 

[Hint8.~As the ball has a certain dimension, the actual length of the 
string will not be equal to the length of the equivalent simple pendulum. The 
distance between the point of suspension and the centre ol gravity of the ball 
will be the length of the equivalent simple pendulum]. 

29. What precautions or corrections are necessary in an experiment 

-with a simp'e pendulum 7 (C. U. 1953). 
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30. A clock which keepi conect time wh:ii its pendulttm belts seconds was 
found to be losing 4 minutes a day. On altering the length of the pendulum 
it ga^ed 25 minutes a day. By how much was the length altered, if the 
length of the seconds pendulum is 99*177 cms. ? 

[Ana.; 6*97 mm.] 


31. A hollow pendulum has a hollow special bob attached to its thread. 
Will the period alter if the hollow bob is half filled with mercury ? 

(C. U. 1950) 


CHAPTER VI 

WORK : ENERGY : POWER 

133. Work .—Work is said to be done by or against u foree^ 
when its point of application moves in or opposite to the direction 
of the force and is measured by the protluct of the force and the 
displacement of the point of application in the direction of the force. 
The work may also be determined by the product of the displacement 
and the component of the force in the direction of the displacement. 

When a man raises a weight, the force which he exerts docs 
work against the force of gravity which acts downwards. Work is 
done by a horse when it draws a carriage against the force of friction^ 
called into play between the carriage and the ground, which opposes 
the motion. 

Suppose a force P acts on a body at A in the direction A X 
and it moves to P in a given time (Fig. 87). 



Fig. 87 


(i) If the displacement AP is in the direction A [Fig. 87, («)], 
the work done by P, is W=PxABf and is called positive work. 

(ii) If the displacement AB is in a direction opposite to the 
direction of P [Fig. 87, (6)J, the displacement measured in the direc¬ 
tion of P= - A P, and the work done by the force P, is “ Px A B, 
and is cafled negative work. This work is done against P. 
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(t»i) If the displftoement AB is in a directioii different from ilie 
Jine of action of P, s^, making an angle d witii AX [Fig. 87, (<?)), 
then the displacement measured in the direction of P is AN^ 
AB cos $, where BN is a normal from B on AX Therefore, work 
done by Pis W<^P^AN—Px AB cm cob $. That is, 

work—force x component of the displacement of the point of applica¬ 
tion of the force in the direction of the force—displacement x com¬ 
ponent of the force along the direction of the displac^ent 

N.B. It should be noted from above that no work is done by 
or against a force at right angles to its own direction, because B in 
this case is 90". 

134. The Units of Work : — Unit work is done when unit 
three moves Us point of appHcaiioUf in Us own direction, through unit 
distance. As the unit of force is measured in the two systems, the 
absolute and gravitational, so the unit of work may also be measured 
in the above two systems ; 

(o) The absolute unit of work in ilie C.G.S. system is one Erg ; 
it is the work done when a force of one dyne moves its point of 
af^Heation • throUgh a distance of one centimetre in its own 
direction. 

The absolute unit of work in the P.P.S. system is one Foot- 
Poundal ; it is the work done when a force of one poundai moves 
Us point of application in its own direction through a distance of 
one foot. 

{b) The gravitational unit of work in the C.G.S. system is the 
Gram-Centimetre ; it is the work done in lifting a mass of one 
/ gram through a vertical distance of one centimetre. 

[For practical purposes the unit chosen by the engineers is the 
Kilogram-metre^ * 

The gravitational unit of work in the F.P S. system is the Foot- 
Pound (£t.-lb.); it is the work done in raising a mass of one pound 
through a vertical distance of one foot. 

Since the weight of a gram is nearly 981 dynes, I gram-centi- 
meti-e=981 ergs. • 

1 erg=l dyne-cm ; 1 foot“poundal=421,390 ergs. 

Note. The erg being very small, three additional units of 
work (or energy) are used by electrical engineers for practical 
puri)oses, vix. — 

(t) The Joule— 10^ ergs. 

/ (it) The Watt-hour—3,600 Joules=(3,600x10^) ergs, ia one 
Joule per second for one hour. 

(iii) The Kilowatt-hour (KWH)=3,600,000 Joules=(1000 X 3600 
X10’) ergs, is. 1000 Joules per second for one hour=36 X10^* ergs. 

The Kilowatt-hour (KWH) is the legal supply unit fixed by 
ihe Board of Trade and is called the Board of Tram mit 
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135. Conversion of Foot-Poundals into Ergs j — 

1 poundal==-“ of the wt. of 1 

453*6X981 ^ dynes ; and 1 foot=»30*48 cms. 

Hence, 1 foot-poiindal=—-®^^^-^-^^®—ergs—(4*2139 Xl0®)erg8' 

oa a 

approximately. ' 

136. Relation between the Two'Units of Work i —Since 
the gravitational unit of force is g times the absolute unit of force, 

gravitational unit of worh—g x absolute unit of work, 

Since the weight of a pound is 32'2 poundals, 

1 foot-pound— 32‘2 foot-poundals=32*2x421,390 ergs 
=1*356x10^ ergs— r356 Joules 

(since, 1 foot-poundal=421,390 ergs). 

137. Power : —^The power or activity of an agent, say a dynamo 
or an engine, is the rate at which it does work, t e. the work done by 
it in unit time, when the work is done continuously. 

When we consider the time taken by an agent to perform any 
work, we consider what is called the power of the agent. The average 

power used in any operation is the ratio of 

time taken 

138. The Units of Power : — (a) The C.G.S. absolute unit 
of power is one erg per second. 

This being too small for practical purposes, two additional units 
are employed in electrical engineering, vfx .— 

(/) The Watt=l Joule per sec.=10^ ergs per sec. 

{«) The Kilowatt=1,000 waits. 

(6) The F.P.S. absolute unit of power is one foot-poundal 
per second. 

The Gravitational unit of power is one foot-pound per 
second. 

Horse-power. —It is the British practical unit of power and is 
used in Mechanical Engineering very largely. 

One Ilorse-Powcr (HP.)=33,000 ft.-lbs. per min.=5.50 ft.-lbs. per 
sec. 

In order to find out the working capacity of a horse, James Watt, 
the inventor of the Steam Engine, carried out an experiment in which 
a weight of 150 lbs. was lifted from a coal pit by a horse through a 
vertical distance of 220 ft. in one minute. Thus, the work done was 
(150x220)=33,000 it.-lbs. in one minute = 5.50 ft-lbs. in one second. 

So, James Watt adopted this as a unit of power, which he termed 
one fJorse-power (H.P.). 


X 4536 ^ grams-weight 
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J39. Convenion of Horw-power iitto Watu 

Since 1 foot-pound=(1*356 x 10^) ergs, 560 ft.-lbs.=(746 x lO’^) ergs* 

Hence 1 H.P.=550 it.-lbs. per sec.=746x10^ ergs per sec. 

= 746 watts ; (*.* 1 watt=10^ ergs per sec.), 

»Dd 1 Kilowatt=^®=l'34 H. P. ' 

746 

140. Conversion of Kilowatt-hour into Foot-poanefs ■ 

Since 1 Kilowatt=l‘34 H.P.=(l*34 x 550) ft.-lbs. per sec., 

and Work=Power x Time in seconds, 

we have, I Kilowatt-hour=(l'34x 550) x (60x60) ft.-lbs, 

=2)653,200 foot-pounds. 

^ ^ {Remember. —^The amount of work done by an average-horse is 
"only f H.P. The average amount of work done by an active man is f 
H.P. The power of motor car engines varies from 6 to 30 H.P.; that 
of a jeep from 2t) to 80 H.P,; those of gas engines from | to 270, 
while the power of a large battle cruiser may reach upto 120,000 H.P.J, 

141. Distinction between Work and Power As ]>ower is 
the rate of doing jwrork, it involves a time-unit and its .average value 
is measured by the ratio of the work done to the time taken ia 
doing the work, if the work is done continuously. 

That is, power=^. . Some examples of power are, 1 H.P. 
time 

=550 ft-lbs. per sec.; 1 watt=i0^ ergs per sec., etc. Thus, 
from the above, Work=Power x Time. 

So ‘watt-houP or ‘kilowatt-hour’, which are products of ‘iJoweP 
and ‘time intervals’, are units of work. 

Examples.—(i) A man whose weight is 10 stomes runs up a flight of stairs- 
earrying a load of 10 lbs to a height of 20 Jt in 10 seconds. Ftnd the mean power 
during this interval. 

10 stonea=» 14x10—140 lbs. 

Total uozk done in 10 secs.* (140-f-10) X20«“30U0 

The work done per scc. = ^^!^=300 ft-lbs So, power='^®P=0‘Si5 H. P 

10 550 


(2) A man weighing 140 lbs. takes him seat m a lift which weighs 2 tons. 
Es is taken to the 3rd floor, which is at a height of 75 ft from the ground floor 
in 2 minutes. Calculate the work done and the power requited in this princess, 
[1 ton=2240 lbs.] (Pot. 1929) 


The total weight of the man and the IiftJ=140-l-2.240XiJ“ 1620 lbs. 

The work done m raising 4620 bs. through 75 Ir. 
s=£orce X di9tan«=4620X75=3<6.500 ft-lbs. 

The unit of power in the F.P.o system is one horse-power, which is 
550 ft -lbs. per second. Power=rate of doing work 

*34^ .lbs pet .ccond=-^m^®^ H. P.=5-25 H. P. 

2x60 2x60>i 550 


142. Mechanical Energy :—^^riie capacity of a body for doing 
mechanical work is known as its mechanical energy ; it is measured 
by the total work the body can do under tlic circumstance-? {positioth 
eonfigurationt or motion) in which it is placed. 
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Obviously, the unit of energy should be identical with that of 
work Therefore, erg, fooUpou^t Joule^ etc. which are units of 
work are also anits of energy. 

The falling water at Naigra does work in driving the dynamos 
which generate electricity. Hence the elevated water of the falls has 
got energy. The wound spring moves the hands of a watch, and 
so it has energy. Wind has energy, for work is done by it when it 
drives a boat. 

143. phtinction between Energy and Power The energy 
of a body indicates the total amount of work the body, under the cir¬ 
cumstances in which it is placed, can do and has no reference to 
tlie time in which that work is to be done ; while poteer denotes 
the rate’ at which work is done and is irrespective of the total 
work done. 

7 44. The Two Forme of Mechanical Energy .'—Mechanical 
energy may have either of the two forms, potential and Hnetic. 

(a) Potentied Energy :—A body may possess energy by virtue 
of its position or configuration ; such energy is called.potential enei^ 
and is measured by the amount of work the body can do in passing 
from its present position or configuration to some standard position 
or Gonfigt^tion, usually called the xero position or configuration. 

(») Potential energy due to position .— 

A lifted weight, like a Pile-Driver, can do work in falling down 
under the force of gravity, to the original position. So it has 
potential eneigy. Water stored up in elevated reservoirs in municipal 
water supply, formations of ice on, a mountain top, are also similar 
instances of potential energy. For bodies raised above the surface of 
the earth, the earth^s surface is usually taken as the zero-position. 

(w) Potential energy due to configuration .— 

A coiled spring as in the* case of a watch or a gramophone, a bent 
or compressed spring, compressed air, etc. liave potential energy for, 
in recovering the normal configuration (condition), each one of them 
can do work. 

Potential Energy of a Raised Body. —Consider a body raised 
above the earth^s surface. In this raised position the body has 
potential energy. 

Ijet m=*maa8 of the body ; acceleration due to gravity ; A== 
vertical height through which the body is raised from the ground level. 

The potential energy—work done in raising the body—tnpxfes= 
4ngh. If m be taken in pounds and h in feet, then the potential energy, 

P.E.—ft-poundals (where ft-poands. 

If m be taken in grams and h in centimetres, 

PM.=^mgh ergs, (where g^981)^mh gm.-cma. 
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(b) Kinetic Energy, — A. bodj in motfoR lias energy due to its 
motion ; suoh energy is known as kinetic energy and is measured ,by 
the amount of work the body can perform against external impressed 
forees before its motion is stopped. The bullet fired from a rifle, the 
rotating fly-wheel of an engine, a falling body, a swinging pendulum, 
a cannon ball in motion have all got kinetic energy. 

Kinetic Energy of a Body moving with Velocity v. —Consider 
a body in motion. At the instant of consideration, let the velocity of 
the body be v. 

Let the mass of the body be m and suppose it is brought to rest 
by a constant force P resisting its motion, which produces in the body 
an acceleration (— f), given by P= mf. 

Let 8 be the distance traversed by the body before it comes to rest 

We iiave, • 0=r*4-2( —/)s [vide Art. 39, cq. ; 

f. iv®. Therefore, the K. E. of the body=work done before 
coming to rest=Pxs=m/“Xfi=!7»x/'. 

HencOy the kinetic energy of a body moving with a velocity v is equal 
to half the product of the mass and the square of the velocity. 


Note. —If m be taken in pounds and v in feet per second, the 
kinetic energy, K.E.=i wir® ft.-poundals (lb.xft.‘^/sec.’'=ft. xlb. 
X ft,/ sec.® =ft.-poundalsj 

— \mv^!g ft-pounds, (where g=^2'2). 

If m be taken in grams and v in cms. per second, 

K.E.= ergs (gm.X cms ®/sec.® =cras. xgm. x cras./sec®. 

= cms. X dynes —crgs)=^mp®/(^ gna.-ems, (whore ^=981). 

14S. Potential Energy and State of Equilibrium : — The 

state of stable equilibrium of a body cturesponds to a minitnum of 
poieniial energy, because the centre of gravity of a body, when in 
stable equilibrium, o<*.cupies the lowest possible position and any 
displacement tends to raise the position of the centre of gravity and 
thus increases the potential energy of the body. Wh(‘ri the poieniial 
energy of the body is maximum, any displacc'raent will give rise to a 
couple tending to move the body further, and thus, in this position 
the equilibrium of the body is unstable. Again, when the body is 
in the state o/* neutral equilibrium, its potential energy will remain, 
constant for any small displacement. 


146. Transformation of Energy and the Principle of Con^ 
aervation of Energy If a body i# at some height above the ground 
it has got some gravitational potential energy. If it is now allowed 
to fall freely through a distance, it loses an amount of potential energy 
equivalent to the work done by the weight of the body, but gains an 
equal amount of kinetic energy. Just before the body strikes the 

9 
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ground, it bas only kinetic energy equal to the amount of potential 
energy in the beginning, that is, the potential energy is wholly trans- 
fonned into kinetic energy. Again, whl-n a clock is wound 
up, its spring possesses potential energy exactly equal to the 
amount of work done in winding it up. This potential energy, 
which is stored up in the spring, is continually converted into 
kinetic energy of moving the hands of the clock as the spring 
becomes unwound. In the same way the potential energy of the 
compressed spring in a spring-gun is converted into the kinetic 
energy of the bullet. These are only difl erent cases of Transfor- 
mation of energy, according to which a body may lose mecha¬ 
nical energy in one form, but gain an equal amount of mechanical 
energy in another form. The above examples only illustrate a funda- > 
mental principle in Dynamics, known as the principle of conserva¬ 
tion of energy, which may be stated as follows— 

ulf 

a body or system of bodies move under a conservative system 
offorcesj the sum of its kinetic and potential energies remains 
constant throughout** 

Some explanation of what has been called a conserrative system 
of forces as stated above is necessary at this stage. In Dynamics, a 
system of forces acting on a body is said to be conservative^ if the 
work done by the forces, as the body moves, depends only on 
the initial and final positions of the body but not on any intermediate 
position, or on the path of motion, or on the velocity or the direction 
of motion of the body at any instant. From this definition it is clear 
that the gravitational force and the electrical or magnetic forces are 
all conservative. But, on the other hand, frictional forces are not 
conservative. Thus for a body sliding down a rough inclined plane, 
the sum of potential and kinetic energies is not constant but gradually 
diminishes, which can be mathematically proved. Similar is the case 
when two actual bodies collide. What happens then to the energy 
which is lost in such cases of non-conservative forces ? This leads 
us to the fomiulation of the more general form of the Princi{)le of 
Conservation of Energy in bciencc which may be called tiu' Univer¬ 
sal Principle of Conservation of .Energy and may be stated as 
follows— 

Energy cannot .be created, nor can it be destroyed^ but may 
be transformed from one kind into another or into a number of other 
forms. The sum total of energies in this universe is constant** 

This generalised form of the principle enables us to understand 
what happens to the mechanical energy lost in cases of non-con- 
servative forces. The generalised principle states that the mecha¬ 
nical energy lost is not really destroyed but reappears in some 
other form or forms in e(tuivalent quantity. Thus, the loss of 
mechanical energy in the case of a body sliding down an inclined 
plane or that in the case of two bodies making a collision, as already 
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referred to, is really not a loss, for an equivalent energy reappeare in 
each case mostly as ^cat and partly as sound. When a falling body 
touches upon the ground, the mechanical ener^ is reduced to zero 
but is transformed in equivalent quantity mostly into heat and partly 
into sound Thus, we find that whatever be the system of forces 
acting on a body, conservative or non-cpnservative, the total. energy 
of the system will be found to remain constant, if we take into ac¬ 
count all the different forms of energy to which energy is admissible 
namely, mechanical, thermal, magnetic, electrical, acoustical and light 
energies. Sometimes it becomes really difficult to trace out the diflFcrent 
forms into which energy transforms itself and makes us doubt the vali¬ 
dity of the princiide but when closely examined, it will be found that the 
.situation arises not due to any defect in the universal charadter of the 
principle but due to our inadequate knowledge of the transformations. 
Consider the ■uarious transformations of eneigy in the case of an 
ordinary steam engine connected to a dynamo for the generation of 
electricity. When the coal burns, wc get heat energy. The heat 
does work in changing water to steam, which then expands. The 
expanding stei^ exerts force and causes the piston to move, and 
thus run^ the engine. Thus, the heat energy is transformed into 
mechanical energy^ and when the engine drives a dynamo, which 
generates electricity, the mechanical energy is converted into cterfnea/ 
energy. This energy can be transmitted by wires and made to do 
useful work such as driving tram cars where electrical energy is 
reconverted into mechanical energy ; lighting lamps in houses, where 
electrical energy is reconverted into light energy ; and in this way 
various other transformations may also take place but whatever are 
the transformations, the guiding principle remains that the total 
energy of the whole system will be constant. 

147. The Principle of Conservation of Energy is obeyed 
by a Swinging Pendulum In the undisturbed position the 
pendulum acts lik(* a plumb line and hangs vertically. At this 
position, the centre of gravity of the 
pendulum, which is practically the 
same a.s the centre of the s})h(Tical 
bob, lies at the iowe.st level which 
may bo called its zero or grnuiul level 
as sliown by the point ii in Fig. 88. 

The vertical position of the pendulum 
is its mean position ; for, when the 
pendulum is made to oscillate by 
drawing it aside and then let go, it 
swings about this position with almost 
equal amplitude on either side of it 
in each oscillation. When it moves to 
one side of the mean position, the 
centre of the bob rises and the bob 
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gains potential energy. When it is at the extreme end position, ^ 
shown by C or D, its whole energy is potential, there being no kinetic 
energy, for the bob is at rest momentarily’ there. The vertical 
height BKf through which the bob rises when at the extreme position 
C or D, multiplied by the weight of the bob, gives the i)otential 
energy gained. 


From the extreme position C or jD, when the bob moves towards 
the mean position 7?, the i)Otential energy is gradually transformed 
into kinetic energy till finally the whole of tiie potential energy is trans¬ 
formed into kinetic energy when the bob reaches the mean position B, 
its ground or zero level. At this position the whole energy being kinetic, 
it attains its maximum velocity. At positions intermediate between 
B and C or D, the energy of the bob is partly potential and partly 
kinetic. On crossing the mean position by virtue of ineilia and acquired 
velocity, when the bob begins to move to the other side, the kinetic 



Fij. 89—A Swinging 
Pendulum. 


energy of the bob gradually reduces at a rate 
in which its potential energy increases till 
finally the whole of the kinetic energy is again 
transformed into potential energy at C or D. 
If there had been no friction of the air or 
at the point of support no energy would have 
been lost by the pendulum and it would 
oscillate with the same amplitude for ever, 
once being set into motion. Thus for an 
ideal pendulum osni!aiing ivacuumihe sum 
of tlie potential and kinetic energies at any 
instant should be (‘onstant. 

Mathematical Proof. —Let tlie position 
0 denote tlie extreme end position for a pen¬ 
dulum and C' any subsequent position while 
moving towards the mean position B (Fig. 89). 
Draw OK and CK' perpendiculars on All. 


At C, the total energy (which is wholly potential) = wgr X JJA”. At 
C\P.IC.=mgxBIC, and K.E-^lrnv^^l mX{2gxKK)-^mgxKK' 
^mgx[BK-BK). 


Total energy at C'=^P.E.-\-K.E. 

= [mg X BK) + mg {BK- BK) 
~ mg X BK—energy at start 
=* wig X Z (1 - cos <) 

where length of the pendulum, and amplitude. 
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148. Total Energy of a Falling Body ts Constant The 

potential energy of a body of mass w at a height h (Fig. 90) above 
the ground* , 

When it falls through a’distance r, 
its potential energy at 5:thc time 
=ma (A-j). 

Its kinetic energy at that instant^ 

Imv^ (where v is the velocity acquired 
during this interval)=im X 2gx (== .j. 

2gx)-m{}K. j ^ 

At that instant, potential energy 
+ kinetic energy A-a: 

= w 5(A - .r)+wg r=wflf A =: potential 
energy in the beginning. 

Hence, neglecting the effects of air r j t 

resistance, it is seen that the toPil 
amount of energy (kinetic+potential) 
of the body regains constant as it falls. Fjg, 90 

liWhen tlf(‘ body strikes the ^ound, it 

is brought to rest and loses its kinetic energy. Then the potential 
energy is also reduced to zero. The energy, however, is not destroyed. 
It is converted mainly into heat, the body and the ground being 
warmer as the result of the impact; a small part of the energy is also 
converted into sound eiiCTgy. 

149. A Particle sliding down a Smooth Inclined Plane 
obeys the Principle of Conservation of Energy throughoat its 
Motion : —Consider a particle of mass m, 
say, which is allowed to slide down a smooth 
inclined plane AB having an inclination < to 
the ground level BC (Fig. 91). Suppose the 
particle starts from rest at a point whose 
height from the ground level is A. The P.E. 
at this point is mgh and the K»E, is zero, so 
that the total energy at start=(7ngA+0)= 
mgh. 

Let V be the velocity acquired by the 
particle at any instant when the particle g 
has slided down through a distance x along 
the inclined plane. The acceleration down 
the plane is given by, g cos (90 —sin <t. Sliding down an Incline. 

So, we have, v^’^2g sin 

K.E.^\mv^^mgx sm <. But a; sin < is evidently the ver¬ 
tical height through whi^ the particle has descended ; so its new 
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height above the ground at this position is (ft—a? sin <) and therefore, 
its P.E.^mgih'^x Bin <). 

K.E.+P.E.=imgx sin <+mg (ft—a; sin «t) 

=ingk, which is 

independent of x and is equal to the initial total energy. ^ So the 
total energy remains constant as the particle slides down the inclined 
plane and thus the principle of conservation of energy is obeyed by 
the sliding particle. 

150. A Projectile obeys the Principle of Conservation of 
Energy'^throughout its Motion : —^Let a particle of mass fn be 

^ thrown from the ground (Fig. 92) "with a 

velocity w at an angle « with the horizon. 
At start its total energy=Jr.77,4-P.2?^. 

Suppose, V the velocity of the 
particle at an angle $ with the horizon, 
at the instant when it is at any vertical 
Fig. 92—A Projectile. height ft above the ground. 

^ Since the only acceleration acting on the particle is Hue to gravity, 
i.e. Q vertically downwards, its horizontal velocity all along remains 
unchanged, and so, 

V cos 9~y cos < .(o), 

and considering the motion of the body vertically upwards, we have 
iv sin sin <)^ — 2gh .(ft). 

Squaring equation {a) and adding it to equation (ft), we have, 

—2<7ft. 

K.E.= = — 2(}h)=^mv^ — mgh. 

At this position, the vertical height of the particle above the 
grpund being ft, its 

P.E.^mgh, 

Total Qncrgj=P.E.’\-K.E. (neglecting air resi'^tance to 
motion, etc.) • 

=mQli—*mgk) 
initial energy, 

and is the same at all heights. 

151. Perpetual Motion : —^Thc principle of conservation of 
energy indicates the impossibility of the existence of a “perpetual 
motion" rnachims i.c. a machine which, when f>nce set in motion, will 
continue its motion perpetually without the supply of an equivalent 
amount of energy from outside. Even when no useful work is done 
by the machine, tlic energy, supplied in the beginning, will be 
gradually used up in overcoming frictional and other resistances and 

machine will ultimately come to a stop. 
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^ » 
1B2. The Velocity of the Bob on a Pendulum at ite 
Lowest Point: —^When the bob of the pendalum, of ienirth I cm., 
is set free from its extreme position C, it 
moves in an arc of a circle CBD, B being 
tlie lowest position (Pig. 93). From C draw 
a perpendicular CK on AB. At C the 
bob of the pendulum has potential 
energy mQXBK^ which represents the 
work done in raising the bob from B to (\ 
i.e. vertically through BK. Wlicn the 
bob is released from the position C, it 
gradually loses its potential energy and 
, gains kinetic energy. At the lowest 
point B. it loses all its potential energy 
mgx BK, find the kinetic energy ^ mv‘, 
which it gains, is Hqusil to this. 

ni.(j BK=\mv"y where >' is the velocity of the bob at B 
or, g{AB- AK) = \r'^ ; or, g {I-f cos i9) =* 5 
or, = 27/(1 - cos 0) ; .'. .j2gl{i-cos $); 

or, r=^2glx2 sin^fj= 2 / 7 (// x fain 

E*ampij —The heavy bob of a simple pendtdum is drawn asidt> so that the string 
makes an angle of 60' with the horizontal and then lei go^ Find the veloeity with 
which the bob passes through its position of rsst. (Pat. 1940) 

(DiaAf the diagram and proceed as explained in the preceding article ) 
e = (90'‘-b0®) = 30 ; t >=^ 2gl ^ v == J0'^>'b>^gl. 

153. Other Forms of Energy :—As already stated, the 
mechanuMl (‘iii'rgy which a body ])ossesses may be uiic to either or 
both of the two form's, kiuetie and potential. Besides mechanical 
energy there arc aKo other I'orm^ of energy, e.g- heat, light, sound, 
electric li, mignotie, and chemical energy. 

154. The Sun is the ultimate Source of all Energy : —The 

sun is> g(‘nor.illy considertd to bo the ultimate source of all forms of 
energy. W<' get co'i',ideral)le amount of energy from solar radiation 
in the form ol hc'.vt, liglit, etc For t'xample, the energy of the steam 
engine is derived irom coal. Coal again in nothing but wood decom¬ 
posed and sul)iect(‘d to great [irensurc of the caith for thousands and 
thounaiids of yciirs The energ> in tlie wood is due to the sun^s action 
on trees JiuJ pl.ints M’^heii the coal burns, the .«;torcd-up potential 
chemical energy derived from solar radi.ition is given back as heat 
and light. 

155. Further Examples of Transformation of Energy :— 
{ 2) Mechanical .— 

(fl) Kinetic to potential.—^The bob of a pendulum moving from 
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tfic normal position (max*mum kinetic energy position) to the extreme 
position of swing, {b) Potential to kinetic.— A body falling from a 
raised position to the earth ; a pendulum returning from an extreme 
position of swing towards the normal position, (c) Kinetic to heat.— 
Heat produced by rubbing two stones ; a moving wheel stopped by 
applying brakes, {d) Kinetic to sound —Sound produced when a 
rib vibrates, (e) Kinetic to electrical.—A dynamo. 

(2) Heat, —(a) Heat to mechanical.—Heat engines. (//) Heat 
to light.—White hot ball; filament in a bulb, (r) Heat to sound— 
Singing flame, (d) Heat to electrical.—^Thermo-<‘lectric phenomena. 
(e) Heat to chemical.—Water formed by igniting a mixture of 
hydrogen and oxygen, {f) Heat to mechanical.—Molecules in a gas 
produced by heating a liquid. 

(3) Light — (a) Light to electrical.—^I^hqto-electric cell. 

(b) Light to chemical.—^I^hotography. 

(4) Sound. —(o) Sound to mechanical—Forced vibration and 
resonance, {b) Sound to electrical.—Telephone transmitter. 

(5) Magnetic .—(«) Magnetic to heat—Rapid magnetisation 
and demagnetisation repeated in a specimen of iron, {b) Magnetic to 
mechanical.—Electro-m agnet, 

is) Electrical. —(o) Electrical to mechanical.—Electric 
motors ; tram cars. {!>) Electric to heat.—Electric iron ; electric 
furnace, (c) Electrical to light.—Electric lamps, (rf) Electrical to 
sound.—Calling bell; Telephone, (c) Electrical to chemical.—Charg¬ 
ing of batteries ; electro-plating. (/) Electric to magnetic—Electro¬ 
magnet. 

(7) Chemical Energy. — (o) Chejnical to heat.—^Burning of a 
fuel—petrol, kerosene, coal, etc. (/d Chemical to light.—Burning 
magnesium wire; gas lighting, (c) Chemical to electrical.—Voltaic 
cells, (d) Chemical to mechanical—Explosives. 

1S6. Different Examplei of Work done :—Work is measured 
by the product of the force and the distance through which the point 
of application of the force moves in the direction of the force. 

{i) Work done in raising a load verHeally upwards. 

If w represents the work done, w^mgk, where m is the mass of 
the load and A the vertical height through which the load is raised. 

{ii) Work done in taking a had up along an inclined plane. 

In this case, w~mg sin «<. X where I is the length of the inclined 
plane [vide Art. 149] and < the inclination of the plane to the horizon, 
^ingy.1 sin <=mgh, where k is the height of the inclined plane. 
ThuS| the work done in taking the load up the inclined plane is th^ 
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same as that required to raise the load ». veHi^Uy through a ^^t 
h Honcc the work done m raising a body to a height h against 
g^vity is independent 6f;the path along which the body is taken and 
depends only on the vertical height. 

{iu) Work required to generate a velocity vina body originally 


at rest. 

W-P'xS, where P is a force which generates an acceleration f m 
a body of mass m ; and 5 is the distance traversed by the body m 
time ^ 


' Here P=mf; and 

where » is the velocity acquired by the body after time t starting 
from rest. 


tS7. Summary of Results 


Quantity 

Symbol 

1 

Quantity i 

1 

Symbol j 

Displacement * 

oc distance 

a 

Relation between i 
distance & speed 1 

e»=«»+2/» 

Time 1 

t 

Mass 

• 

m 

Velocity j 

= ~ ' 

1 

Force 

P=m/ 

Acceleiatton 

t 

Momentum 

M—mo 

Distance 
(unifotm motion) 

a=tvt 

Kinetic energy 

KE.-W 

Relation between 
speed and time 

VstU+Jt 

Potential energy 

P.E,*»»gA 

Relation between 
distance flt time 

8 = + 

Work 

Force x durance 
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Units of Force, Work, and Power 

C.G.S. SYSTEM 


Quantity 

Theoretical unit 

Practical unit 

Force 

The Dyne 

The G'ram-vatVhfsOSl dynes 
(gravitational unit) 

Work * 

The Erg 

(*) The Joufa=10^ ergs 

(if) The Kilowatt.hoursSbx 10*-* ergs 

■ 


(•if) The Gram-centimetre=981 ergs 

Power 

One erg per sec. 

The TraW=l Joule per sec. *= 10^ ergs pet 


(No special name) 

‘ sec. 


F.P.S. SYSTEM 


•Quantity 

"1 

Theoretical unit 

• 

Practical unit 

Force 

The Poundal 

The Pound-weight=:'32 poundals 
(gravitational unit) 

Work 

The Foot- 

The FoQt.pemnd-m'32 foot-poundals 


poundal 

(gravitational unit) 

Power 

One foot-poundal 

T he Horee-Power (H.P.) = 350 ft-pounds 


per second 

per sec. 


(No special name) 


Examples 

(1) A rifle bullet ofmnea 14 qma travellinq at the ra(e of 3S.OOO erne, per tec. it 

jutt able to pierce a hloch of wood 21 c»|s. thick. Find the average force of the bMet 
while penetrating the wood. ^ 

Let F be the force in dynes ; then Fxe = ^ mu*. 

or, = =.432X10® dynes. 

(2) A train of matt 100 tone £» travdUng at 30 miles per.hour. Calculate the 
force necettary to bring t* to rest (a) in a ditianoe of 120 ft .; (b) in 10 teconde. 

(a) Let F be the force applied which produces a negative acceleration/ 
to bring the train to rest ; then, 

Fss - mf (where m is the mass of the train); or /= '-Fjtn. 

We have, v*a=tt*+^/»; a or, Fesn^ntu*. 
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Here m»100x2240»224,000 lbs.; tt=30 miles per liours:44 ft. per see. 

J-z,!!^a 22^0^ 1.806,933 3 poundals 

2# 2 X120 « 


(6) X We have, 


*56,466‘6 los,.wt. (taking jrs*32). 

J/is 

i>~u+/<; or, 0=s=»-—s or, 


■ mu 


.•.'^i?’ = ^?.'*’°P‘l^-14a985,600poundal8=®®|’|2?s30.800 lb3.-wt.(v g=22). 

Ob 

(S) Find the energy afored tn a train weighing 250 tone afid travelling at the 
rate of 60 milet per hour. How much energy must be added to the train to increase 
its speed to 65 miles per hour (C. U. 1925) 

Mas*! *250 tons=250X2240 lbs. 

^ Velocity = 50 miles per hour*88 ft. per see. 

.*. The kinetic energy of the train = 2 ^ (250 x 2240) 88* foot-poundals. 

» =2,168,320,000 ft. poundals. 

Again, 65 miles per ft per sec. 

oU X 60 3 

.*. The K. E. of the train, when the speed is 65 miles pet hour 
=2 X(250X2.£40)X =2.544.764.444-4 ft.-poundals. 

The energy to be added=2.544.764.444'4—2,168,320,000 

-=376,444.144 4 ft.-poundals. 

(4) If clouds are 1 mile above the earth and rainfall is sufficient to covw 
/ square mile at sea-levd, ^ inch deep, how much work was done in raising the 
water to the clouds. (0. V. 1920 : O. V, 1950) 

IE w lbs be the mass of rain water, and h ft. the height of the clouds 
above the surface of the earth, the work done in raising w lbs. of water 
ithrough h ft. 

=wx^ foot-pounds. Here A = 1760X3=5280 ft- 

The volume of ram water = l siuar*'. rnilcX^ in =(52^0)*X ^ cu. ft. 

The mass of 1 cubic foot of water=62‘5 lbs. 

Mass of rain water-= (5280)*X 1/24 x 62 5 lbs. 

The work done*(5280)*X.J.X^^^X(?280)=(5280)'»X^\x^f 

% 24 2 

=333 328 X10 ^ foot-pounds. 


Questions 


1. Show that if a piston is m ived along a cylinder against a constant 
pressure, the work done in a stroke is equal to the product of the pressure 
into the volume swept out by the piston. Explain‘Jclearly the units in which 
^ the work will be given by this calculation. (Pat. 1921; C. U. 1941) 

[Pressure=force on unit area. 

Work done * force X distance* (pressure X area) X distance through which the 
piston moves =pres8urex volume swept out. The work is expressed in ergs, if 
pressure is meaiured in dynes per sq. cm, and volume in c. c.] 
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2. Wbat is the work dbne when a weight of 500 kilograms falls through 

a height of 50 metres and is then stopped 7 Assume the normal value of 
gravity. (Dae. 1933) 

[Awe.; 24.525X10^ ergs*] 

3. How much power is required to pump water at the rate of £0 Httes per 
minute to a height of 20 metres ? 

[Ana.: 294 watts] 

4. Water is pumped up from a well through a height of 30 feet by means of 

a 5 horse-power motor. If the efficiency of the pump is 85%, find in gallons 
the quantity of water pumped up per minute. (1 gallon of water weighs 
10 lbs.) ' (G.U, 1952 , C. U.’54) 

[Ana, : 467‘5 gallons approx.] 

5. An engine is employed to pump 6.000 gallons of water per minute from a 
well through an average height of 21 feet. Find the horse-power of the engine, 
if 45% of the power is wasted. 

[Ana.: 69’42] 

6. Wbat is the potential energy of the water wh’ch fills a cubical tank 
of ra h side 10 ft, and whese base is 20 ft. above the ground? 

[Ana.; r56xl0«ft.-lb.] 

7. A railway train is going up-hill with a constant velocity. What is the 
source from which the energy of the train is supplied ? 

Describe the various transformations of energy that go on in this case- 

(C. U. 1918) 

[Hints.—The energy of the train is derived primarily from the burning 
coal. This is utilised in running the train against friction and air resistance, 
and also in raising the train up-hill against the force of gravity and thus woik 
is done. The energy of the coal is derived frtm the sun. So the tun is the 
ultimate lource of supply of energy.] 

8. A solid mass of 100 gms. is allowed to drop from a height of 10 metres. 

Calculate the amount of kinetic energy gained by the body, g being £80 cms. 
pet sec.*. (Dac. 1930) 

[Ana.; 98x10® ergs.] 

9. A shot travelling at the rate of 200 metres per second is just able to 

pierce a plank 2 inches thick. What velocity is required to pierce a plank 
6 inches thick 7 (Pat. 1941) 

[Ana,: 200^3 metres per sec.] 

10. A mass of 10 lbs. falls 10 ft. fiom rest and is then brought to rest by 
penetrating 1 ft. into sand ; find the av'irage thrust of the sand on it. 

(Utkal. 1960). 

[Ana.: 110 Ibs.-wt.] 

11. Distinguish between pound, poundal, and pound-weight. 

Prove that in the cage of a body falling freely under gravity, the sum of 
the potential and kinetic energies is constant. 

(Pat. 1925, ’36. *49; C. U. 1932, ’41) 

12. Explain the meaning of the ‘Principle of Conservation of Energy'. Show 
that this principle is applicable at every stage of the journey of a particle 
falling freely under gravity from a height till it reaches the ground. (C. D. 1957) 

13. A bullet weighing 1 oz. is dropped from the top of a tower 60 ft. high 

and is brought to rest by penetrating 5 ft. into mud. Find the average thrus 
of the mud. (Pat, 1949) 

{Ana.: 26 Poundals.] 



FMCTIOK' 


141 


14. A pendulum consisting of a ten-gram bob at the end of a string thirty 

centimetres long oscillates through a semi-circle ; find its velocity and kinetic 
energy when it passes its loweet.point. Specify the units in which your answer 
is given. (Pat. 1935) 

Hints,—At the starting point the bob has got only potential energy Knigh, 

At the lowest point the energy is all kineticsis equal to 

wghs:(10x98lX30) ergs Hence find®.] 

\An 0 ,: e =>24261 cms. per sec,; K.E.=294,300 ergs.] 

15, A body falls under gravity and strikes the ground. Explain how the 
phenomenon supplies an illustration of the transformation of energy. Does it 
also illustrate the principle of conservation of energy ? 

(C. U. 1917, ’36 *54; Pat. 1931) 

V ^16. What are the practical units oi power in the F.P.S. and C.G.S. systems ? 
Write out the relations between these units, (C. U. 1956) 

17. A steel ball of 100 gms. drops through a height of 10 metres. What is its 
velocity when it reaches the ground 7 (pss980 cms. per sec.*). (C. U. 1950) 

£Ans.: 1,400 cms. per sec,] 


CHAPTER VII 

FRICTION 

158. Friction :—No solid surface is perfectly smooth. In 
other words all solid surfaces are rough more or Jess. So when two 
'<*ontiguoiis solid surfaces (which are dry) are in contact and any 
attouipt is made to move oitlicr over the surface of the other, it is 
always attended with a resistance wliicli tend-^ to opjtose the motion. 
(Such resistance to motion is called fti'itinn. 

eviction arises on aecount of the adhesion, i.6. the mutual force 
of attraction between the molecules of the two contacting surfaces, 
and the interlocking of the irregularities present on the contacting 
surfaces. , 

hViction can be thought of as equivalent to a force acting almtg 
the plane of contact between two mrfaces opposite in direction to 
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any force attempting to produce a relative motion between the two 
surfaces. This will explain why a force is necessary to drag a 
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book along a tabic, a rectangular box along the ground, and so on. 
Consider next a more general case when two plates are pressed 
together by normal forces N (Fig. 94). To overcome friction and 
to cause sliding between the two surfaces, a certain force P 
(its value depending on the value of iV and the nature and condition 
of the two surfaces), acting along the common plane of contact, will 
bo required. 

Friction is perverse .—^That is, it always opposes motion irres¬ 
pective of 'the direction in which the motion may take place. In 

Fig. 95 (o) a very closely fitting piston 
working in a cylinder of an engine 
is shown moving outwards under a 
force Pj while in {b) it is moving 
inwards at the return stroke. In 
either case the motion of the piston 
will be opposed by frictional forces 
(/) operating along its surfaces of 
contact. 

Friction may be divided into the 
following categories : 

(a) Static and kinetic friction, 

(5) Bolling friction, 

(c) Fluid friction. 

2S8(a). (O Static friction and its limiting value : —Fric¬ 
tional force is self-adjusting but it can exert itself only up to a limited 
maximum value. As the force attempting to drag a surface over 
another is gradually increased from zero, the, frictional force opposing 
it also increases equivalently. The two contacting surfact's remain 
in static equilibrium upto a maximum value of the applied force. 
That is, up to this stage the frictional force which acts in oi>position 
is equal to the applied force. When the applied force just exceeds 
this maximum value, the body on which the force is applied begins 
to slide. This maximum value of the applied force is a measure of 
the limiting value of static friction between the two surfaces, and is 
called the force of limiting friction—often also called the force of 
friction (F), 

(ii) Kinetic or sliding friction. —It is found that the 
force, F, necessary to start sliding of one surface on another is 
greater than that necessary to maintain sliding. That is, the force 
of sliding or kinetic friction is less than that of limiting friction. 

N.B. It must be remembered that if two surfaces are separated 
by a film of liquid, such as a lubricant, the nature of the friction 
is altogether changed. 

(b) Rolling Friction. —^This is also a kind of kinetic friction 
and occurs between two solid surfaces in contact but one of them 



(a) U) 

Fig. 95 
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rolling or tending to roll on the other, as in the case of a marble 
rolling on the floor, a football rolling on the turf, a rope passing 
over a rolling pulley, etfc.» It is a common experience that the force 
required to drag a rectangular box along the ground is much greater 
than that required to move it on rollers. This means that rolling 
friction is much smaller than sliding friction. That is the reason 
why vehicles are mounted on wheels instead of on runnere, and 
ball bearings are used instead of sleeve bearings. Theie arc a 
number of difterent types of ball and roller bearings known collec¬ 
tively as anti-friction bearings. Basically, all these consist of the 
rolling elements (balls or rollers), the race rivgs on which are provided 
tracks for the rolling elements and in the majority of cases a 
separator for the rolling elements known as the cage. 

Slceve^and Ball-bearings. —Fig. 9b (u) illustrates a sleeve type of 
bearing where ft will be seen that the rotating axle slides on the 




(a) Sleeve-bearing. 


Fig. 96 


(b) Ball-bearing. 


bottom of the sleeve at low speeds. It, however, tries to climb up 
the side of the sleeve at increased speeds. 

Fig. 9C(/>) illustrates a ball type of bearing where it will be seen 
that the axle rotates on the balls without sliding. The groove, in 
which the balls themselves roll on account of reaction, is called 
the Voce\ 


Cc) Fluid Friction . —Friction occurs when a liquid or gas is 
made to pass around a stationary body or tlie body raadn to move in 
a liquid or gas, it manifests itself when there is relative motion 
between the two. It arises in tlie propulsion of a ship through water 
or automobiles, trains and aeroplanes through the air and so on. 
For more elaborate considerations of air-friction, read Chapter II, 
Aeronautics (Appendix A). Take the case of a rain-drop falling 
through air. Its speed depends upon its size and not upon its height 
above the ground (?’fd6 Art. IVJ). Starting with zero velocity, the 
velocity increases as the drop descends until the rctjirding force of 
friction equals the downward pull of gravity. When this condition 
of equilibrium is reached, the body falls with a steady velocity, called 
its terminal velocity. For small particles like fog drops, this 
terminal velocity is low and the air-flow around them is laminar j 
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when, however, the particles are large, the terminal velocity may 
exceed the critical velocity and turbulent flow sets in around a 
moving body, which then determines the Mdtional resistance mostly. 
The considerations are important for aeroplanes which move in the 
air and the ships in the water. 


159. The Role of Friction :—] eviction is useful in many ways, 
though it is also wasteful in other ways. 

Usefulness of Friction. —Friction is important in onr daily life. 
If there were no friction, walking would have been imi) 08 sible, nails 
and screws would not remain in the wood, fibres of a rope would not 
hold together, a ladder would not rest on the ground, locomotive 
engines -would not draw a train on the rails, and so on. In designing 
automobiles and their parts, steps are taken to increase friction 
where it is needed. Brake linings in automobiles require special 
materials and tires are given special thread designs for purposes of 
increasing the friction consistent with minimum wear and tear. 

Wastefulness of Friction. —Friction is ordinarily looked upon as 
an evil. It is inevitably present, to an extent jarge or small, 
whenever there is motion of one body relative to another in contact. 
The effect of friction is to reduce the relative motion to certain 
extents and, to that extent, there is loss of mechanical energy of the 
moving member. So, in designing engines and all other moving 
machineries, precautions are taken to reduce fric-tion in the bearings 
to the minimum. Ball and roller-bearings entail much lesser friction 
than sleeve-bearings and that is why these bearings are rapidly 
replacing the latter type in modern machineries. Lubrication of 
the surfaces in contact further decreases the frictional wastage of 
energy, as also the wear and tear. '* 


a 


160. Limiting Friction Let 

{D) rest on a horizontal table BG (Fig. 97) 



equal force {F) opposite in 
into pW to oppose motion 
contact between the two 


rectangular block of wood 
The forces acting on the 
block arc its weight IF, 
acting vertically downwards, 
and the i-eaction B of the 
table acting normally up¬ 
wards at the surface of 
contact. In this case R 
is e<i|uat and opposite to W, 
there being no motion in 
the vertical direction. Now, 
suppose a small force F is 
applied to the block parallel 
to the surface BC. If the 
body is still at rest, an 
direction to F, must have been called 
on account of friction arising from 
bodies. As the applied force F is 
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gradually increased, the opposii^ force of friction (F) which is 
a self-adjusting one, alsQ increases at the same rate until a certain 
maximum value is reached. If the applied force be increased beyond 
this value, the block begins to move. The magnitude of this maximum 
force, when the block is just on the point of sliding is a measure of 
what is called the force of limiting friction. 

When the block has once started to move, a smaller force would 
be Kutlicient to keep the block moving with a constant velocity ; this 
smaller force is called Kinetic friction or Dynamic friction. The 
same considerations also apply to rolling friction. But ii should be 
remembered that rolling friction is even le.ss than kinetic friction. 

161. The Laws of Limiting Friction ; —The following gener¬ 
alisations, known, as the laws of friction, are due to A.T. Morin, a 
Prenchman, though some of these faets were previously established 
by A. Coulomb, another Frenchman who iniblished the results of a 
largo number of experiments on the subject in 1781. 

(i) Friction always opposes motion. 

{ii) The force of friction is proportional to the normal reaction 
between the two surfaces in contact. 

(in) It is independent of the extent of the areas of the surfaces 
in contact, but depends on the material, nature and condition of the 
surfaces in contact. 

162. The Co-efficient of Friction : —If the normal reaction 
acting across two solid surfaces in contact be equal to i?, and F 
denotes the force of limiting friction, the ratio, F/J? is found to be a 
constant and is called the oo-orticient of static friction or limiting 
friction and more universally as co-effident of friction and is 

F 

generally denoted by /a, *.c. For any pair of surfaces in con¬ 

tact, the co-eilicieiit /x is always le!;i|3 than unity, 

163. The Angle of Friction : —fn the case of limiting friction 
if the normal reaction and the frictional forces be compounded into a 
single forct', which is soiiK'tiincs refciT('d to as resultant or total 
reaction, the angle, which this rcsultjiut niakc'h with tlie normal 
reaction, is called the angle of friction. 

Consider a small block I) resting upon a horizontal plane surface 
and acted upon by a force F making an angle with the vertical 
{Fig. 98, a) [P may be considered as the resultant of some applied 
force and the force of gravity on the block I)\, As long as equi¬ 
librium exists, the reaction of the supporting surface is cquivaletit to 
a reactive force R which will be equal, opposite and oollJnear with tlie 
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force P. R may be replaced by its two components, F and N, acting 
tangentially and normally, respectively, to the surface of contact 
The component F will represent the friction between the surfaces,. 




and the component JV, the normal pressure so that -^=tan <, for equi¬ 
librium. Suppose the sliding of the block impends when the force 
Pmakes an angle </> with the vertical (Fig. 98, h), then ^=tan ^ (1). 

Again, from the condition of sliding to begin, . (2) 

(where /*=co-eff. of friction, or limiting friction.) 

From (1) and (2), tan . (3) 

The limiting angle ^ whose tangent is equal to the co-efi‘. of 
friction is the angle of friction or angle of static friction. 

[Note.—The above furnishes the idea of how friction aflects the 
reaction exerted by a supporting surface acted on by a force, ^^'^hen 
motion impends, the total reaction R exerted by the &uj>porting 
surface is inclined to the normaji by the angle of static friction (</>) 
and acts so as to oppose the motion. 

When motion is not impending, the total reaction R inclines to 
the normal by whatever angle is necessary to maintain equilibrium. 
For an ideal surface (m= 0), ^ is also zero, t.e. the total reaction is 
normal to the supporting surface. 

164. Cone of etatic friction :—^In the preceding considerations, 
the force P (Fig. 98) was supposed to be in the plane of iJbe figure. We 
esm, however, generalise it and say that if the force P remains confined 
within a cone generated by a line making the angle of static friction 
(^) with the normal to the supporting surface, the block D will 
continue to be in equilibrium whatever is the magnitude of the force 
P. This cone is called the com of static friciwm. 
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165 . DeUrmination of Co~efficient of Friction 

(0 Horizontal Plane Method.—Place on a horizontal 

wooden table a rectangular 
block of wood [Fig. 99j to act 
as a slider. The contacting 
surfaces of both these pieces of 
wood should be as smooth as 
possible. The slider is attached 
to a light string which is 
passed over a light pulley 
fixed at the end of the table. 

. A scale pan is attached to the 
end of the string passing 
over the pulley, The pulley 
should be so fixed that the 
l)osition of the string above 
tlie table should be hori- _ _ 

zontal. _ ^ 

Weigh Ihe slider and put a knowi» weight on it. Now put weights 
on the scale pan until the slider is just on the point of motion. Near 
about the slipping point, gently tap tlic table to ascertain the required 
weight to be placed on the scale pan. If IV be the total weight of the 
slider and the weight placed on it, and W' the total weight of the 
scale pan including the weight w placed on it, the value of the limiting 
friction = W'’', and that of the normal reaction = IF. So we have, 
/*= W'l W. 

Repeat the exiierimeiit several times witli difl’erent weights on the 
slider and again on reversing the block. 

The ratio W'l W for each set of experiment will bo approximately 
tlie same. The mean value of the ratio is the value of 

in) Inclined Plane Method. —Place a rectangular slab of 

. wood h on an inclined plane 
AB [Fig. 99(«)J and gradually 
increase the inclination of the 
plane to 0, when I) just begins 
to slide down the plane. 
Ascertain this by gentle tapp¬ 
ing as in the last method. 
When this is the case, the 
friction F {—ftR) acts up the 
plane and balances the com¬ 
ponent (=* W sin 9) of the 
Fig. 99(a) weight acting down the plane. 

The normal reaction B acts at right angles to the plane, AB, Resolv¬ 
ing W in directions perpendicular and parallel to the pJane, we have, 
W cos 6==Bf and W sin 0“JP. 
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Hence, 


V TF sm n ry J. F 

z?~ u?-T-tan $, But 

B W cos 6 R , ■ 


/i-=tan 0 ; or, .the co-etficient of friction is simply the tangent 

of the angle at which sliding begins. Again, tan 0 = the plane 

base 

TiC 

Hence, the ce-efficient of friction is obtained by taking the 

height of the plane and dividhig it by the base. 

Repeat the experiment several time.s and calculate the mean value 
of/X. 


1S6. The Angle of Repose : —In the case of an inclined plane 
the angle of incline $, which the plane AB [Fig. 99(a)] makes with 
the horizoutid AO when a body D on it just begins to slide down, is 
called awgr/e of repose. It is i)roved above that the tangent of 
this angle is equal to the co-cllicicnt of limiting friction. It is also 
equal to the angle of frieiion. 


If the inclination of the inclined plane AB is greater than the 
angle of repose, the force component down the inclined plane is 
greater than that required to overcome the friction F and the 
diflPerenoe between them produces an acceleration. 


167. Co-efficients of Friction (/*) ;— 


Static Friction 

Rolling Friction 


Wood on wood 

...0'3 to 0‘5 

Rubber tires on Concrete 

...0'03 

Metal on metal 

...0'3 (average) 

Ball-beating on Steel 

...0-002 

Metal on wood 

...0*2 to 0 6 

Cast Iron on Rails 

...0004 

Leather on wood 

...0‘3 to 0'5 

Roller bearings 

...0 002 to 

Leather on metal 

.,.0'3 to 0 6 


0-007 

Greased suitaces 

...0-05 

O 




168. Laws of Kinetic (or Sliding) friction :— 

(1) The frictional force is proportional to the normal reaction 
betwfujn the two rubbing surfaces. [The force necessary to maintain 
sliding is less than limiting friction, i.6. the frictional force here is 
less than limiting friction.] 

(2) The frictional force is independent of the area of contact 
between the two surfaces, but depends on tlie material, nature and 
condition of the surfaces. 

(3) The frictional force is independent of the velocity of sliding 

provided the velocity is low. ’ 
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169. Co-efficient of Kinetic (or Sliding) Friction :— 

If the normal reactiea between a sliding body and the supporting 
surface be R, and Ft denotes the force (less than limiting friotioiO 
necessary to maintain a low steady velocity of sliding, once it has 
been started, then the ratio, FtiR, is a constant for the given two 
surfaces and is known as the co-efficient (ft*) of kinetic (or sliding) 
friction. That is, 

The efi'ect of kinetic friction on a body is to oppose the motion 
of the body with a constant force, H-t R- If the sliding body be 
of mass m and moving under a (“onstant applied force P, the 
acceleration of the body={F—i^tR)ini. li surfaces are smooth 
* = 0), acceleration =^P(m. 

F(kr the eflects of lubrication on friction, refer to Art. 169(a), 
Additional Volupie, of this book. 

THE MACHINES 


170. The Machines : —A machine is a contrivance by which a 
force applied at home point of it is overcome by means of another 
force .aiiplicd at.some other point of it with alteration in direction or 
inaguitnde* or both. It used to be tlie practice to call the former 
force tiie ueighi and the latter force the power. But as the force to 
be overcome is not necessarily that of gravity, it is better ijractice to 
name it the resistance (or load), and since the term powm is used in 
connection with mie o/ work, it will be better to use the term effort 
in referring to the driving force in a machine. The points at which 
the efldrl ;ind the resistance act are usually termed the driving point 
and the working point respectively. 


i 71(a). Mechanical Advantage 


-The ratio, , is called 
enort 


the mechanical advantage of a machine. Tlie term force-ratio is some¬ 
times used instead of mechanical advantage. 

Ordinarily, a machine is so constructed that the 
mechanical advanbigc is greater than one. If in 
a machine, this ratio is less than owe,^t would be 
more accurate' to call it mechanienJ dtsadi mitage. 

(b) Velocity Ratio .— 

The ratio of driving point 

’ displacement of working point’ 
is called the velocity ratio of a machine. In some 
machines it is a constant while in some others 
it is not. 

Tims, in a simple wheel and axle (Fig. 100) the 
displacement, say a, of the effort E will bear a 
constant ratio to the displacement, say b, of the 
load W. 



That is, its velocity ratio 

b 


Fig. 100—A Simple 
Wheel and Axle. 
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In a to^le joint fFig. 100(a)] the ratio of the displacement of 
the effort E to that of the load W will be different for different 
positions of the moving parts of the machine. In such a machine 
in J which the^ ratio is variable, the velocity ratio for any given 
positions of its parts is the ratio of the displacement of the driving 
point to the displacement of the working point, 
when these displacements are indefinitely small. 

172. Efficiency of a Machine :—In all 

machines some work is always wasted in overcoming 
fneiion. The result of it is that the work done by 
the effort in a given time, called total work or work 
input (=JE'x o), is always greater than the work done 
on the resistance or load (= IFx/y), called —useful 
If ork OT work output. The difference of the latter 
from the former work—{Ea— Wl). 

The Efficiency is defined as the ratio, u.9eful 
workfiotal work. Efficiency evidently will always be 
- _ , _ . less than unity. Often it is expressei as njpercew^a^e 

by multiplying with 100. 

173. Mechanical Adt}antage=Efficiency y. Velocity Ratio :— 

Let E be the effort and W the load. The mechanical advantage— 

Jtij 

Suppose the displacement of the driving point is a and that of the 
working point is h. 



Then, efficiency— 


usefu l wo rk_ TFx TF/JS’^Mcch. advan tage 
total work Exa nfb Velocity ratio ’ 


or, Mechanical adyantage=cfficiencyX velocity ratio. 


174. The Principle of Work:—In a.T\y aeiunl machine^ the 
useful work obtained in overcoming the resistaneo is always less than 
the total work done by the effort. This is because ( 2 ) work has to be 
done in lifting its parts which have weight, and (w) because there is 
always some internal friction which has to be overcome. A perfect or 
ideal machine is one which has no weight and no internal friction. 
For it the useful work is equal to the total work and the efficiency of 
the machine is unity. So the principle of work, vix. whatever he 
the machine, provided there ie no friction and that the weight of the 
machine is neglected, the work done by the effort is always eguiraleni 
to the work done against the load (that is, Fx a— W x b), is a universal 
principle relating to a machine. It is no new principle but is tlie 
same principle known as the principld of conservation of energy. 


17$. What is gained in Power is lost in Speed. —^From the 
principle of work, FXflr= IFxb, assuming the machine to be an ideal 
one. If in a machine the effort E is less than the resistance fF, the 
distance a through which the driving point moves will be greater in 
Same proportion, ^an the distance b through which the working point 
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4f 

moves in the same time. This is, in popuKr language, expressed as, 
* What is gained in power (effort) is lost in speed” The meaning of 
the statement is that 'Whenever mechanical advantage is gained it is 
gained at a proportionate decrease of speed. 

There is never any gain of work in a machine, though mechanical 
advantage is generally l-an’angcd for. 

176. The usee of a Machine :— 

(1) This enables one to lift weights or overcome resistances 
ranch greater than one could do unaided, as in the case of a 
pulley-system, a wheel and axle, a crow-bar, a simple screw-jack, etc. 

(2) This enables one to convert a slow motion at some point into 
It more rapid motion at some other desired point, viz. a bicycle, a 
sewing machine, etc. An opposite effect may also be arranged in 
practice when nfecessary. Such changes of speed are brought about 
by belting, gearing, etc. 

(3) This enables one to use a force acting at a point to be applied 
at a more convenient [>oint, as in the use of a poker for stirring up a 
fire, or to use a fdree acting at a point in a more convenient manner, 
e.g. lifting of a mortar-bucket to the top floor by means of a rope 
passing over a pulley fixed at the top oE the building, the other end of 
the rope being pulled down by an agent remaining on the ground. 

(4) This enables one to convert a rotatory motion into a linear 
motion or vice versa, as in the case of a rack and pinion, etc. 

(5) This enables one to convert a reciprocating (to-and-fro) 
motion into a rotatory motion or vice versa, e.g. a crank used in the 
heat engine. 

177. Types of simple machines :— 

The following six simple machines represent the types of 
principles used in making practical machines : 

(1) Pulley, (2) Inclined plane, (3) Juevor, (4) Wheel and axle, 

{5) Screw, and (6) Wedge. • 

• 

178. The Pulley : —A pulley i< a simple machine which 
consists of a grooved whe(*l, called the sheave, over which a 
string can pass. The wheel is capable of turning freely 
about an axle passing through its centre. The axle is 
fixed to a frajnework, called the block. The pulley is 
termed fixed or movable according as its block is 
fixed or movable. 

CD The Single Fixed Pulley. —^In this (Pig. 

101) the load W is attached to one end of the string 
and the effort E is at the other end. With a perfectly 
smooth pulley and a weightless string, the tension of 
the string will be fhe same throughout. Hence, the 



Fig. 101 
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distance through which the load is raised, is equal to the distanco 
through which the efi’ort descends. For equilibrium, the moments of E 
and W about 0, the centre of the wheel, must be equal and opposite ; 
or, Ey.AO—W'X OB, but AO— OB, being radii. Hence E— W. 

The mechanical advantage = TF/jE'=1. 

In practice, pulleys arc not perfectly frictionlcss, and TFis always 
less than E, that is, the mechanical advantage is always less than 1, 
but inspite of this, the arrangement is useful as the oi)orator can use 
the weight of his body for raising the load. It is generally used for 
raising weights, drawing curtains, pulling punkhas, etc. 


(2) The Movable Pulley .—^Here one end of the string passes 
round the pulley A and is attached to a fixed support (Fig. 102), and 
the effoii: E is applied at the other end. The load W 
to be raised is attached to the movable i»ulley. Fora 
frictionle.<-s pulley the tension of the string is the 
same at any point of it and is equal to K. \^'hen tlie 
strings arc vertical, the total upward force is 271/’ and 
neglecting the weight of the ])nllcy, tlie downward 
force is W. So, for equilibrium, W—2E. So the 
mechanical advantage= i.e. a given effort 

can raise twice its weight. 

If the weight of the pulley is w and cannot be 
neglected, we have W’\‘W—2E ; or the mechanical 
advantage = WIE=2 — wlE. 



"When the direction of the force is to be changed, another fixed 
pulley (77 in Fig. 102) should be used, which docs not, in any way, 
affect the mechanical advantage. 

(3) Combination of Pulleys . —A combination of pulleys is 
very often used in order to secure a mechanical advantage greater than 
two. Different systems having different mechanical advantages are 
used for different purposes, but the most important combination, 
which is in general use, is given here. 


Pulley Block. —This system (often known as the 2'nd Sysiem 
of Pulleys) consists of two blocks, each containing 2 or 3 pulleys, 
the upper one being fixed to a support and the lower one movable 
to which the load W is attached (Fig. 103). The string is attached 
to the upper, or to the lower block, and is then passed round a 
movable and a fixed pulley in turn, finally passing over a fixed 
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pulley, the effort E being applied at the free end. It should be noted 
that, when ihe string is attached to the upper block, 
the number of wheels iri the two blocks must be the * 
same, but when it is attached to the lower block, the 
number of wheels in it will bo one less than that in 
the upper one. 

The tension everywhere round the string is the 
same and is equal to the effort E, the pulleys being 
assumed frh'iiotiless. If the number of ])orfcions of the 
string in the lower block be n, tlic total upward force 
on it is 7iE and this must be equal to the load IV 
support<'d. Thus, we have, nE= W'hw, when w is the 
weight of the lower block. 

Hence the mechanical advantagc=^=«— 

179. The Inclined Plane ■ —It is also a sim})le 
machine and has boon in use in India too from very 
ancient tiryes. In building temples of great height, 
heavy stones and other materials used to be raised by 
the ancient Indians utilising the principle of this ^‘8* 103 
machine. 


An inclined plane is a smooth rigid flat surface inclined at 
an angle to the horizontal. It is used to facilitate the raising 
of a heavy body to a certain height b> tiu‘ iqtplication of a force 
(or effort) which is less than the weight of the body. 

Let AJB be a plane inclined at an angle d to the horizontal line 
ACf and BC the height of tlie plane [Fig. 99(o)J. 

The body J) is acted upon by three force'', (i) TT', its weight acting 
vertically downwards along DE^ (fi) F, the forc(' or effort, and (/n) J?, 
the reaction of the jilane. Let tlu' normal at to the inclined plane 
meet ACm F. Then / PDE^ 90' —•/ A I)E= Z A ~ 0. 


Case I ,—Let 

Fig. 99(n)]. 


the force F act upwards along the plane [vide 


In order that the body may be in equilibrium, the sum of the re¬ 
solved parts of the forces parallel and perpendicular to the plane AB 
are separately equal to zero. Revolving W parallel and perpendicular 
to ABt we have W sin $ along BA and W cos B perp. to BA. 

Hence, W sin 6-F=0 ; IF cos 0 - J^=0 ; 

W sin 6 ; R~ TV cos $. 


The mechanical advantage, of the plane. 

F sin 0 height 

When $ “ 80”, the mechanical advant^e ** 1+^ 2, that is, a body 
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of weight W can be supported 



by a force, F=^W(2 acting up the 
plane. 

Case It .—^Let the force F act 
horizontally, i.e. parallel to the base 

(Pig. 104). 

The vertical and horizontal com¬ 
ponents of Ji are B cos $ along ED 
and R sin 9 along FD. 

R cos 0= W ; and R sin $<=>F. 


The mechanical advantage, =cot 0 of the 

p B sm 0 height 

plane. 

180 The Lever ;—^The knowledge of the principle of the lever 
is as old as Archimedes. A lever is a simple machine and consists of 
a rigid bar (straight or bent) having one point fixed about which the 
rest of the lever can turn. This fixed point is called the fulcruxU. 
The forces exerted on c^r by the lever may be parallel or inclined to 
one another. As in all machines, the driving force is called*the effort 
(or power), and the working force, the weight (or resistance or load) 
and let them be denoted by E and irrespectively. The perp(‘ndicular 
distances between the fulcrum and the lines of action of the effort and 
the weight are called the arms of the lever. The ratio of the arm W 
of the effort to the arm V of the weight, in the position of equili¬ 
brium, is often called the leverage, i.e. leverage=a/6. The mechanical 

advaatoge =||^‘= 


The principle of the lever is practically the principle of moments 
which may be stated as, a leter is in equilibrium, the sum of ike 
moments iendmg to turn it clockwise round anypoiniis equal to the 

sum of the moments tending to 


Rf, 


I*— A- 


B 


j-j. 


f 




.1 I I 



Fig. 105 


turn it anti-clockwise round 
that point.” 

So for a lever, if it be in equili¬ 
brium, clockwise moment round 
the fulcrum = contra-clockwise 
moment round the same point. 

Experiment —^Let a metre- 
stick A imbalance on the sharp 
edge of a wedge-shaped piece of 
wood (Fig. 105) and let a load 
( W) say, 200 gms., be suspended 
by a string from a point 20 ems, 
from the fulcrum (P). Now find, 
by experiment, a point on tibe 


other side of F such that an effort (jE), say, a weight of 100 gms. appHed 
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at the point, will just support the load (TF). This point will 
be found to be at 40 cms. from the fulcrum. It is seen at once 
that the product of (206X20) is equal to the product o£ (100 X 
40). If instead of an effort of 100 gins, an effort of 400 gms., is taken, 
the point of balance will be found now at 10 cms. from the fulcrum. 
Again it is seen that the product of (200 x 20) is equal to the product 
of (400 X10). The driving moment in this example, ?.e. the mOment 
of E about F is anti-olock-wisc and the working moment, i e. the 
moment of|lF about Fis clockwise. 

ISOia). The Straight' Levers : —When, the lever is straight, 
find the effort and the weight act perpendicularly to the leyer, the 
following throe distinct classes of levers are found in practice. 


Class. I ClassS Class M 



Fig 10^5 

(J) Ex AF= W X BF, {II) ExAF= WxBF, {III) Ex AF= WxBF 

or, E=Yj^xW-. or, E=^^,xW; or, E^-^^xW; 

(J) /?/?(reaction at {11) =W— E, (I/I) Ttr^E-^ W. 

fulcrum) =E-\-W. 

Evidently, in class I and II types of levers, if F be taken 

BE 

very near to W, the ratio can be made very small, i,e. a small 


effort E cjin be used to overcome a large resistance IF, t.e. there is 
mechanical advantage in these cases. In class III type of levers, a lai^e 
effort E overcomes a small resistance IF which showo a mechanical 
disadvantage. This arrangement gives W a large movement for a small 
movement of the effort K, a fact which is just opposite to what hap- 
j)ens in the other two types of levers. The practical use of Class III 
type of levers lies often in ronvenience ; for, in practice, it may not 
always be possible to find a convenient point to apply the effort relati¬ 
vely at greater distance referred to tlic fulcrum tiiau that of the load. 


IBl. Common Application of the Principle of Levers t — 

The lever principles, as described above, are used in our daily life in 
various ways. Levers may be simple or double. Three common 
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appliances representative of the three classes of straight levers are 
shown below in Fig. 107. 



* 

A pair of scissors. Mh&el Borrow. Loadod Shovel. 


Fig 107 


182. Examples of the Three Classes of Levers :— 

Class I.—A common balance, pump handle of a tube well, a spade 
used in digging earth, a crow-bar used in moving ,a weight at one 
end, etc. A pair of scissors and a pair of pincers are, 'examples of 
double levers of this class. 


Class II.—A cork squeezer, a crow-bar with one end in contact 
with the ground, etc. A pair of ordinary nut-crackers is an example 
of double levers of this class. 


Class III.—The human f ore-arm (when a load is placed on the 
palm and the elbow is used as fulcrum, tlic tension exerted by the 
muscles in between acts as effort), the upper and lower jaws of the 
moutl), a pair of forceps used in a weight box, and a pair of coal- 
tongs are examples of double levers of this class. 


1 83. The Wheel and Axle :—It is a simple machine, and 
may also be looked upon as a modification of the lever. It consists 
of two cylinders of different diameters capable of turning 
’ Vhesi about a common fixed axis, the larger 

(Tf which is called the wheel and the 
smaller the aorle [Fig. 108, ffj. The load 
W to be raised is attached to a rope 
coiled round the axle and the effort E 
is applied to a rope coiled round the 
wheel in the opposite direction, so that 
when the rope round the wheel is un¬ 
coiled, the rope round the axle is coiled 
up and thereby the weight is raised. 
Fig. 108, [h\ shows a section where OB 
is the radius (/) of the axle and OA the 
radius (i?) of the wheel. Taking 

The Wheel and Axle. moments about 0, the axis, 

Fig. 108 ~ ITx OB. 
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The mechanical advantage= 


o£ Wheel (B) 
E OB Radius of axle (r)' 


The windlass by which water is drawn from a well is of the 
same class as the wheel and axle, 

• the crank-handle of which serving 
the purpose of the wheel. The 
capstan [ Kig. 108 (a) J used on 
board a ship for raising an anchor 
is also of this class. In it the 
length of the lever arm takes the 
place of the radius of the wheel 
I mid the radius of the barrel cor¬ 
responding to the radius of the 
axle. 

184. Screw :—An accu¬ 
rately cut screw has many impor¬ 
tant applications in modern 
industrial machirfes. The screw gauge and the spherometer which 
are two very common laboratory instruments also work on the 
principle of the screw and the nut. 

A screw can be considered as an inclined plane wrapped round a 
cylinder The connection between the inclined plane and the screw 
is shown in Fig. 109. 



Fig. lOa (a)—The Capstan. 



It shows a solid cylinder 
having one turn A BCD of 
a helix marked on its surface. 
The right-angled triangle 
A'01)' ib the development 
of that part of the surface 
of thi' cylinder which is 
below the helix, pitch of 
tlic helix, «(.=inclination of 
file helix, diameter of the 
helix. 

Then, tan <<^plnd. 


Actual screws are of metal or wood and differ from the above 
ideal screw in that thoj' always have a protuberant thread 
(forming tlio helix) cut on the cylinder. This enables the screw 
to work in a nut which is a hollow collar on the inside 
surface of whicti a similar screw is cut, the threads of the screw 
fitting in the grooves of the nut. The screw is rotated in the 
nut or the nut on the screw by a force applied on a wheel or 
lever attached to the rotor. On account of the rubbing 
between the rotor and the stator some friction is inevitable and so 
the useful work obtained in an actual screw is less than the work 
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that should be got out from an ideal acerw. So the mechanical 
advantage of an actual screw is less than .the velocity ratio and the 
efficiency of the screw is always leas than unity. 

Threads of screws are generally triangular or square in section 
as shown in Figs. 110, (a) and {h), respectively. Screws are convention¬ 
ally i^presented as in Fig. 110, (c). A screw and a nut form a relative 



<a) (b) 



Fig. 110 

pair. I’hc Whitworth V-thread in which the angie of the thread is 
55”, shown in Fig. 110, (d) is perhaps the most used thread in 
Engineering. 

ip) of sereThe distance through which a 
screw moves when it is rotated once about its axis is called the pitch 
of the screw. It is the same as the axial distance between two 
consecutive threads of it as shown in Fig. 14. 



Fig. 110 (o) 

Lead of screu^ihread .—It is the actual distance a nut on the 
thread would travel in making one complete rotation. When the 
screw is single-threaded, the pitch and the load arc equal; when 
double-threaded, the lead is twice the pitch. In general, when the 
screw is w-threaded, the lead is n times the pitch. Fig. liO(a) shows 
in the three diagrams from left to right, the lead of a single, double, 
and treble threaded screw. 

EUtck-lash. —^Xhis error is present in almost aU instruments 
witibi nut and screw. If due to wear, or any imperfection in manu- 
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facture, the screw is a loose fit in. the nut, it may so happen that 
equal rotations of the, screw-head in opposite directions produce 
unequal linear movement bf the screw, or any rotatory motion can be 
given to a screw without causing any tranalatory movement of the 
nut when the latter should move ; then an error called back-lash exists 



in the instrument. When a screw and nut principle is utilised for 
measuring a small distance, as in the case of a s})hprometer, the screw 
should always be turned in the same dii-cction to avoid back-lash. 


2 85. Some common applications of the screw :— 

screw-jack [Fig. 110(6)] used for lifting heavy loads like an 
automobile, a screw-piese or letter-press used for compressing bound 



Fig. 110 («) 

books etc., a vice used in workshops for holding jobs with a strong 
grip, are common examples of a screw. 
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186, Velocity Ratio and Efficiency of a Screw-jack :— 

Let a single-tlircadcd screw [Fig. 110 (t), left] of pitcF p working 
in a nut support a load of weight IV and a force P be applied in the 
horizontal plane to the end of a lever CD (length = a) fitted on the 
screw. In one complete turn of the lever arm, distance travelled by 
the effort P=27ra, while the load is moved up through a distance p. 




The veldoity ratio {V.JR,)=27Talp. Since the mechanical advan¬ 
tage {M.A.)is (I7Pj 

the efficiency ^^^~^={Wxp)l{Px27Ta)^M.A.X ^ ’ 

work put 111 VM. 

Esampleb—(I). In an experi¬ 
ment, a screw jacsk ie arranged to be 
driven by a pulley as shown in 
Fig. lJ0{d). The lead of the 
screw (single-threaded) is ^ inch, 
and the dtameUr o* the pulley 
is 12 tnch. Equal disc weights 
(P) of 4‘6 lbs are seen to raise 
a load W of 280 lbs. slowly and 
steadily. Find the efficiency of the 
jack. 

In this csee (single'threaded 
screw), the lead is equal to the 



y 2 j ^distance mo ved b y e£Fort P fo r on e complete turn of screw 

distance moved up by load 


_27r( 12/2) _rtrcum ference of pulley ^2 14 x 12 x 2=75*36 
i/2 pitch of screw 


M.A.^ 


. load 
effort 

W X pitch of screw 


Tr/P= 280 

' 2x4*5 


Efficiency: 


, work got out 
work put in 


X n =3rilx ‘ «0*413.»e.41*3%. 
P X circumference of p u Iley 75 36 


(2) . In the screw-jack shown in Fig 110(e), [right) the eross-har is 7 in. 
long, ffie leoeUed whed has 10 teeth engaging with a wheel of 18 teeth whhdk 
raises a screw of pifcfc | tn. ^8how that the velocity ratio is 198. 

(3) . The length of each arm of a screw-press [Fig. llOib)) is 6 in. and 
the pilch of the screw lj4 in. Forces of 14 Ibs-wt. are applied to eaohasm. 
Find the resistance overcome. 


Work put in“»14X2irx6/12 ft.>lbs. 

Work got out=slFxl/ (4x12) ft.-lbs., where Tr=resistance in Ibs.-wt. 
Neglecting friction, ir»4224 ibj.-wt. 
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* •*—A wedge is a simple ^machine consisting of a 

solid block of metal or wood shaped as an inclined plane. A gmall 
driving force applied to the wedge results in a much larger splitting 
or separating force. It ifl commonly used for raising heavy bodies, 
for propping up a sinking wall, for widening a gap, for breaking 
strong cover joints, etc. [Fig. Ill, («-)]. 




tig. Ill 


A double wedge (angle of the wedge—k shown in Fig. Ill, {h) 
being n‘<ed for widening a ga]>. Tin' ^eivirnting forces generated 
pro(lue(* ecpial r<“aetions IF, \V at the edges of the gap. The forces 
P, IF, FFean be repn'sented by a triangle shown in Fig, ill, (e), 
jieglecting friction. 


Here P=2lFsine/2--(l),and ^f.A.^WlP=> - J ...(2). 

sui 6jl 


The action of an axe, or a knife, 
or a nail may be treated as that of 
a combination of two wedges (Fig. 112). 

Example. Th» angle of a wedge i$ 10^. Find 
the splitting force exerted bg it when drioen 
by a force of 15 Iba, wt. and the meehathical 
advantage. Neglect friction. * 


From equation (1) of the preceding article, 
P«15=2x ITxBin 10'’/2, 


or, 


2 sin o'* 


TS 

• — -.s»a61bs.-wt. 

2xO O;i/2 



I 

Fig. 112 


M. .4. = ir/P=s%/15-5-73. 


188. Magnification of Displacement by the Use of Levers :— 

In machines and instruments it becomes very often necessary 
either to magnify or reduce tlie displacement of a moving element. 


11 
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This is realised in jnraQtice usually by using a lever or levers. Fig. IIS 
represent$ an arrangement of double levers used to magnify a small 
displacement do caused by an effort JE at the end Ai of a lever AiBi 



Fig. 113—A Magnifying device of Levels. 

to a large displacement d (in two stages) at the free end Hq of a second 
lever. The fulcrum of the first lever is and that of tht* second 
the working point of the first lever being rigidly ronnected by a 
stout rod to the driving point of the second lever. What happens, 
when the driving end Aj oi the first lever is given ^ finite displace¬ 
ment do by the action of the effort E, is shown by the dotted lines. 

Overall magnification^^ f 

^ do di do 

^(rjrjxirjri). 


189, Rack and Pinion :—A rack is a toothed wheel of infinite 

diameter. A rack and 
pinion in gear are shown 
in Fig. 113(*7). When the 
rack is fixed, the pinion 
(with its attachments) 
rolls on it on being 
rotated. When the pinion 
axle is fixed in position 
and the rack i:-, movable, 
the latter with its attach¬ 
ments moves as shown 
when the pinion is 
rotated. 

J90. The Common Balance A common balance is an 
instrument of utmost usefulness. It provides us with a ready means 
of measuring the moss of a body. We do not measure the weight 
of a body directly with it, though we ordinarily say tliat we do. 
A balance of this type is used by the grocer and this shows its 
importance in our daOy life. A sensiiiDe balance, of this type, 
usually referred to as a physical or chemical balance, is an Indispen* 
mble necessity in tiie laboratory. 



Fig. 113 (a)—Rack and Pinion. 
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on 



tffr^ 


* Description, —^It consists of a horizontal rigid beam balanced 
at its centre on a knife-edge which reste on an agate plane 
llie top of a vertical, 
pillar (Fig. 114). 4 

Two scale pans of 
. equal weight are suspen¬ 
ded from stirrups (or 
liangers) carried by 
knife-edges at the two 
extremities of the beam. 

Th(‘ distanoos between 
the ('(‘ntral knife-rdge 
’fjyid those at the extre¬ 
mities are call'd the 
arms of the balance, 
which should be equal. 

A long pointer attached 
to the centre of the 
beam moves over a graduated 


iStnttf' 


V- Pn t«« 


■Sej*f4 


/ 


LrvrlhrX ‘r/vw 





8<ii€ 8oara 







Fig. J14—A Physical Balance 
arc* (scale) lived on the pillar. For 
acciirac'y, thc*i)oiiift'r should swing evenly to etiual distances on each 
bide of the middle mark of the scale. There is a lever arrangement 
(handle) by which the pillar, \\liich supports the botun, can be 
lowcrc'd and the beam arrested in ord*'r to preserve the sharpness of 
the knife-edges. 

The method of use — To use the baiance, it is first of ail levelled 
by h’vc'lUug scrc'Ws lu-ovided at the base board and then adjusted by 
means of two screws (adjusting nuts) at tlie two extremities of tlie beam 
i/until the pointer oscillates equally on both sides of the middle division. 
The hod7/ to be weighed is then placed on tlieand 
weights Irom the weight box are added on the nghl'-hand pan^ until 
the pointer oscillates in the same* way, as in the case of the uidoaded 
beam ; it is then that the weights on the two side<^ arc balanced. As 
the anus are c'qiial, tlu' two weights on the two pans are also equal. So 
the weight oil the right-hand pan is cqu^ji to the weight of the body. 

Weight Box ,—The weight box |,Fig. 114(fl)l which is supplied along 

with a balance contains the following 
weights: 100,50,20,20,10,5,2, 2,1, grame. 
Besides these, the box contains a few 
fractional weights, from 500 mgma. (ijj. 
0*5 gm.) down to 10 mgms. [i.e. O’Ol gm.). 

Rider .—For accurate weighings by 
means of a good balance, a bent piece 
of wire of mass 10 mgms. (i.e, a centigram) 
called a rfder, is often used. Each arm of 
a good balance is divided into 10 equal 
parts (Fig. 114), and the rider can be 
placed on the right arm at any one of 



Fig, 114(a)— The Weight Box. 
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the points fay means of a sliding rod from outside the oase, in addition 
to the weight from the weight box already placed on ^e pan, until 
the pointer swings equally on both sides, ^hen the ^ rider is placed 
on the 10th ^vision, i.e. at the end of the arm, it is equivalent to 
adding 10 mgms. on the corresponding pan of the balance. If the rider 
is placed on any other division, say the Isi, the equivalent weight on 
the pan becomes x 10), i.e. 1 mgiu., and so the rider placed on the • 
wth division is equivalent to adding 7i mgms. on the corresponding pan. 


W, 


w. 


(at) Principle of Measurement. —A common balance is an 
^ example of class I type of a lever in 

which the two arms, A and of a 
beam AB^ F being the fulcrum, are 
equal |Fig. 114(/>)J. Neglecting the weighs 
of ABf and of the two scale-pans hung 
at A and 71, if the beam reamins in equili- 
• briuin at the horizontal position when a 

^ ^ weight Wi is placed on the pan at A 

and a weight W 2 on the pan at /i, we have, by taking momente about F, 

TFiXAF^ITaX/^J^’. (1) 

Jiat BF—AF. .\ That is, the weignt om the pan is 

equal to the weight on the other at the position of balance of the 
beam in the horizontal position. This is the principle of measure¬ 
ment by a common balance. 

In practice, the weight of a given body is balanced by the com¬ 
bined weight of a number of standard masses of known values. Let 
m be the mass of the given body and w', the combined value of the 
standard masses required for balauoing. 

Then from (l), the two weights being equal, mg^7ng, where g is 
the acceleration due to gravity at the place, or m=m. That is, 
an unknown mass is measured in terms of some standard masses 
supplied. 

Note. —(t) Weighing by a balance means the determination of a 
known mass which has the same weight as that of the unknown mass *; 
and mass being proportional to weight, a common balance is used 
only to compare the masses ; for let W, W be tlio weights of 
two bodies in poundals or dynes, as the case may be, and let their 
masses be m and m respectively. Then we have, W—nig, and 
W ==m'g, where fir is the acceleration due to gravity at that particular 

1 . W^mg 

place, /. 

W mg m 

Thus, the weights of two bodies at a given place are pro¬ 
portional to their masses. 


(it) The position of equilibrium for any two masses is unaltered 
by taking the balance to another place where the value of g is difleiv 
dnt when weighing is done by a common balance. 
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191. Theory of the Common Baltmce :—Suppose the beam 
AB having: egual arms ^J^’.an.d JSFtums round the fulcrum F, which 
to diminish fric¬ 
tion, is made of an 
agate or steel 
knife-edge resting 4 
on a smooth agate 
plane (Pig. Ill (c)j. 

Let TPj be the 
weight of the 
beam and pointer. 
f Let ns assume that 
Ihe centre of gra¬ 
vity of the beam 

and pointer, throdfeh which TTacts, lies at 0 on the line FG which is 
perpendicular to the beam through F and is below F. Let two scale 
I)ans of equal weight S be hung at A and B. If now nearly equal 
weights Tl'and TP'be placed on the pans at and respectively, 
and thereby,the b«am be tilted from the horizontal through $, we 
have, by taking moments round F, 



(TF+iS). FM=-\K-FL+{W’+S).FN 

= Tr„ QRHW'+S). FN ... (1) 

Also, FM=: FA COB 6—a cos B=FIs\ and FL—OR—h sin 9. 
.*. (TP+5) a cos 9—Wrh sin a cos 9 .(2). 

or, .('). 

cos 9 h 


a 192. Requisites of a good Balance : —A good balance must 

be (a) trite, {b) f>emiiiv6, (c) stable, and (d) rigid. 


(a) True .—A balance is said to be true if the beam of the balance 
is horizontal when equal weights or no weiohls, are in the pans. 
Equation (3) shows that 0 = 0 , when either TP= IF, or IT^= 0 = IF. 
I’hereforc, it follows from the assumptions made in arriving at equa¬ 
tion (3) that a balance will be true* provided the arms are (?) of 
exactly equal length, (;?) of exactly equal weight, i.e. the C. G-. lies 
on the perpendicular to the beam at its middle, and the pans are 
equal in weight. 


{h) Sensitive. —A balance is said to be sensitive, if for a small 
diffoi‘enc(‘ between TFand W', the angle of tilt 0 is large. Equation (3) 
sliows that for a given difference between TF and TF, tan 0 or 0 will 
be large if a is large, and and h small. Therefore the conditions of 
sensitivity are that the beam should be (/) long, (it) light, and (iti) its 
centre of gravity as near the fulcrum as possible. 


(r) Stable —^A balance is said to be stable, if it quickly returos to 
its position of rest after being deflected, with equal weights in the 
pans. Equation ( 2 ) shows that, when (TFf <S)=(TF+j^^ the oidy 
restoring couple ii.e. tiae couple which tends to restore the beam to its 
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position of rest) arises from the weight of the beam. Hence for 
stability, should be large (of course the C.G. must be below the 
fulcrum That is, for a given value for Wl consistent with the 
rigidity of the instrument, the condition for stability is that h should 
be large the C.G. as much below the fulcrum as possible. 

(d) Iiigid.^A balance is said to be rigid, if it be sufficiently strong 
so as not to bend under the weights it is intended to carry. 

Note. For a balance to bo sensitive, the C.G. of the beam should 
be as near the fulcrum as possible ; while to be stable, the C.G. should 
bo as much below the fulcrum as possible. Evidently, great sensitive¬ 
ness and quick-weighing are incompatible in the same balance. In 
practice, ihese opposite conditions, however, do not present much 
difficulty ; for, in balances requiring high sensitivity as in the labora¬ 
tory balances, accuracy of weighing forms the main criterion and 
quickness of weighing can be sacrificed to some extent. On the 
other hand, in commercial balances as used by grocers, etc. when 
large masses are used, speed in weighing is more looked for than high 
accuracy. A compromij^c between the two opposite (conditions is 
adopted when it is desired to combine the ciualities of sensitiveness 
and (juiok weighing in the same balance to a moderate extent. This 
is done by making h neither too small, nor too laigc. 

193. Test of Accuracy of a Balance :—Let a and h be the 

lengths of the arms of the balance, 8 and 8' the weights of the scale 
pans. Now, if the beam is horizontal with empty pans, we have, by 

taking moments about the fulcrum, N X a—/S' x .(1), provided 

the C.G. of the beam lies on the perpendicular to the beam through 
the fulcrum. 

Again, the beam will be horizontal, if e(iual weights W are 

placed on the pans. Wc have tiien, (TF+6’). .(2). 

From (1) and (2) we get, Wa=‘ Why or a =*6, t.c. the arms must be of 
equal length ; and since S.o = S'.b, we have 8= 8'j is. the scale pans 
must be of equal weight. So, to test the accuracy of the balance, 
firat see if the beam is horizontal when the scale pans are empty. 
Then put a body on one of the scale pans, and put weights on tlio 
other pan to balance it. Next interchange the body and the weighte 
on the two pans. If the beam of the bdance is still horizont^, the 
balance is true, otherwise it is not. 

194. Weighing by the Method of Oscillation :—^The 
operation of weighing by a sensitive balance takes a very long time 
before the beam comes to rest. It is, however, unnecessary to wait 
till the pointer comes to rest, for we can calculate the position which 
liie pointer would occupy if the balance comes to rest. This can be 
done by observing the readings of the scale corresponding to the 
turning points of the pointer while the balance is swinging. The posi¬ 
tion so determined is called the “resdng pennt^' (written, E.P.) for a 
^wttioular adjustment of weights and load, or for empty pans. It is 
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more accurate and much quicker to perform the weighmg by 
method, which is called .the method of oscallation. This fuethcm 
is suitable when the weight to he taken is small. 

Jhrocedure .—Imagine the scale div^ions, over which 
moves, to be numbered from left to right, as shown in Fig. 

Slowly raise and lower the beam two or three times so that me 
pointer swings over about f of the scale divisions. When arter 
two or three oscillations the motion 
becomes regular, take a reading (say, 4) 
of the turning point of the pointer, by 
avoiding parallax,as it swingsto the left. 

' JThen read the extreme position (say, 14) 
of the subsequent swing to the right. 

Again read the nt'jct swing to the left 
(say, 5). 



Thus three readings, one to the right and two to the loft, have 
been taken from which the R.P. for empty pans can be 
calculated in thft following way. T.ike the mean of the two leftr- 
hand readings, t.e. the first and the third readings. Then the mean 
of this mean and the right-hand reading, i.e. the second reading, 
will give the mean U.P. for empty pans. 

For greater accuracy five consecutive readings (two to the right 
and three to th<“ should be taken. The R.P. for the empty pans 
is found as above a number of times and therefrom the mean R.P. 
(say, x) for the empty pans is obtained. 

The reason for taking an odd number of observations is that the 
arc over which the pointer swings continually grows leas due to 
friction and air resistance, and thus if only two obsCiWations, say, 
one to the left and then anotlier to the right, or two to the left and 
two to the right, are taken, the position of rest obtained by taking the 
arithmetu! mean of these two will be too far to the left. The mean 
of any odd number of observations, obtained as above, wUl represent 
the true position of rest more approadmately. 

Next place the body to be weighed on the left-hand pan and try 
to get its weight {w) bv adding wts. on the right-hand pan until the 
pointer oscillates within the scale. Let the mean R.P. for the loaded 
pans be y. 

Next find out the mean R.P. (») when the wt. w on the right-hand 
pen is increased by 1 milligram or any such small weight. 

Now, it is necessary to calculate out what weight must be added 
to or subtracted from w in order to reduce the R.P. from y to 


Calculation — 

True wt. ~ Xiy-x) gm, when y>x. 

y~~x 


If y is less than 0^ true wt.=«?- 


O’OOl 


X(x-y) gm. 
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Note^—^As the sensibility of a balance varies witih the lo^ it 
should be calculated everytime a body is weighed. The sensibility of 
a balance is defined as ike change of the resting point due to a change 
of some definite weighty usually one milligram^ in one of the pans, 

19S, The Method of Double Weighing :—^Thc true weight 
of a body can bo determined with the help of a false balance by any 
one of the following two methods of Double Weighing— 

(i) The Method of Substitution {Borda\s‘ Method). —^Place 
the bo^y to be weighed on the left-hand pan and counterpoise it by 
sand (or any other convenient substance) in the right-hand pan. Then 
remove the body and replace it by known weights to balance the 
sand. Since the body and the weights both balance the sand under 
exactly the same conditions, they must be equal 

(ii) Gausses Method —Let a and h be the lengths of the arms. 
Place a body of true weight W in the left-hand pafn, and let its 
apparent weight be . 

Then, taking moments of the force on each side, prxa=» 

WiXb .( 1 ). 

Now put the body in the right-hand pan, and let be its appa¬ 


rent weight, then W 2 xa=Wxb .(2) 

Prom (1) and (2X ^ or = TTi x TPs ; 

tv2 yV 

or, W=-s/WiXjV 3 .(3) 


Thus, the true weight is the geometrical mean of the two apparent 
weights. 


Ratio of the arms ,— • 

Prom eq. (1), and from eq. (2), ?= ^ ■ 

0 yy b Wi 


6 * W Wz 


or, 


a. 

b 




W2 


•( 1 ) 


196, A False Balance :—By using a false balance with unequal 
arms, a todesman will defraud himself if he weighs out a substance 
(to be given to a customer), in equal quantities, by using alternately 
each of the scale pans. Let Whe the true weight of the quantity of 
a substance which appears to weigh Wi and W 2 successively by the 
two scale pans of a balance of which a and b are the lengths of the 
anus. Here, the customer gets (Wi + TFg) instead of {W+ W),i,e. 2 W ; 
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and we have, Wi + TFj—2 TT— TF’®+ - 2 TT (from cqs. 1 and 2 of 

, 0 a 

Art. 195). 

= "* jffriq, - 

\ ab } ab ’ 

The right-hand side of the equation is always positive whatever 
be the values of a and h, and so (+ W^) is always greater than 

2 W. Thus the tradesman defrauds himself by the amount W . 

ao 

Hence, at the time of purchasing a substance, a customer should 
alwat/s insist on haring half of that substance weighed on one pans 
^ and the other half on the other if he doubts the hala^iee^ 

Example. An object m placed tn one scale pan, and it it balanced by 20 lbs. 
The ob )txit ia then put trUo the other scale pan, and now it takes 21 lbs. to balance 
WAen both scale pans are empty, the scales balance What is the matter wUh the 
balance, and what ts the ttue wnght of the object t (Pat 1934) 

Two different weights ate tequiied to balance the same object when, 
placed on different pans of the 
balance, because the arms of the 
balance axe unequal [vide Art. 195 
t»]. The true wt = ^20 x 21 * 20'494 lbs. 

197. The Common (or 
Roman) Steelyard This is a 
form of balance with unequal 
arms and is used for ii rough 
quick weighing. It consists of a 
graduated beam AB (Fig. 115) 
movable about a fixed fulcrum 

F very near to one of its ends- A known sliding .veight E slides 
over the arm AB. The object TF to be weighed is suspended at a 
hook A and then the beam is made horizontal, that is, the body is 
balanced, by changing the position of E. It should be noted that the 
graduations are correct with only a constant weight E, and if this 
weight is changed, the graduations must be changed correspondingly. 
If if be the weight of the hf‘tiin acting at its centre of gavity (?, we 
have, for equilibrium, Wx AF~~{Mx OF)-\-{KxBF). 

198. Platform Balance :—The platform balances often used 
for weighing luggages and parcels in Riiilway Stations work on the 
principle of a Common Steelyard. It eonsists essentially of three 
levers A\F\B\f F and As bF^ having their fulcrums respec¬ 
tively at jPsaud^^s |Fig. 115 (a)j. There are two knife-edges 
a and b, fixed on two separate, levers, upon which the platform 
P of the balance rests. The pressure exerted by any load placed on 
P is communicated to the end Ii2 of the lever Fj A2H3, which again 
is attached to the point A1 of the upper lever by a vertical rod B^Ai. 

In the lever F^A^Bq^ tiie arm F 2 B 2 being much longer than the 
arm F2Aa, a very small force is required to balance the force 
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exerted on a platform !P aad this 
the force oa the upper lever. 



force is again balanced by 

The upper lever has its ful¬ 
crum J^-i very near to and 
so a small weight acting at J5i 
can balance the force commu¬ 
nicated to A^. 

The standard weights sus¬ 
pended at the end Bi consti¬ 
tute the effort in this case for 
balancing the load^ and small 
fraction of weights are mea¬ 
sured by sliding small weight 
along the graduated rod 

Very big •balances having 
larger platforms used for 
weighing loaded carts or 
wagons of coals, etc. are called 


Fjg. 115 (a )—Plaffortti Balance. Weigh^brtdgfts, 

199, The Spring Balance :—A Spring balance is‘essentially 


an instrument for measuring a force. So the weight of a body which 


is a force can bo determined with it. It consists of a spiral spring^ 


fixed at its top to a metal plate hanging from a ring attached to a 


rigid support and at the lower end of it is attached a hook for 
supporting the body to be weighed (Fig. 116). An index or a 
pointer, attached to the spring moves along a metal scale 
which is graduated in grams or pounds with the help of known 
weights. The body to be weighed is suspended from the hook, and 
the spring is elongated due to the force with which the body is attrac¬ 
ted by the earth. The position of the pointer on the met al scale 
indicates the weight of the body which is the measure of the force 
with which it is attracted towards the 
centre of the earth. So by a spring 
balance the weight of a body at a given 
place is directly obtained, and this 
weight will differ at different pla<fes as 
the pull on the spring due to the force 
of attraction of the earth changes from 
place to place. So a spring balance can 
give the true weight of a body only at 
the particular place where it was gradu- 
,ated. By a spring balance we compare 
different weights while by a common 
ht^nce we compare different masses and 
not weights. 

Principle .—^Tbe principle of the 
balance may be learnt by arranging 
js. made of thin steel Irire, to move A Spring Balance. 
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in a groove between two strips of wood. The upper end of the spring is 
clamped and the lower end carries a scale pan and a pointer, or index, 
which moves over a rniiliiuetre scale attached to the 
sided the spring. This forms what is called a spring 
balance or a spring dynamometer (force-measurer). 

Expetiment.—T’o graduatt a dynamomeitf [Fig. 116(a)3. fix 
It vertically and mark the minal position of the pointer. 

Add known weights, say 10 gms. at a time, and read the 
position of the pointer after each addition, l^epeat these 
obseivationn until the spring is extended to nearly twice 
Its original length. Then reverse the process, se. remove 
the weights step by step, and note the readings as before. 

Tabulacc the readings. Find the mean index readings for the 
^ loads increasing and loads decreasing. 

Now plot a curve (Fig. 117) taking weights as absciss® 
and the mean index readings as ordinates. The graph ia 9 
straight hne. The, mean elongation for any weight la the 
difference between the corresponding mean index reading and 
the no-load reading. 

Conclusion. —^The result of the above experi¬ 
ment shows that (?) the amount of elongation is pro¬ 
portional tx> the load applied, and that (is) the spring 
used is a very elastic material; because, on the 
removal of the various loads, the index returns to the 
original position. The first of these is known as 
Hooke's Law.’*' 

Experiment .—DetermiruUton of an unknown wight. —Place 
a small object on the scale pan of the dynamometer and 
note the position of the index, which is, say, 8‘2 cms. Now, 
by means of the graph, as obtained above, deduce the weight 
object. The weight as indicated by the graph [Fig. 

117], 18 59 gms. 

Note that, unlike a common balance, the spring ^‘6 116(a) 
balance not only measures the absolute weights of bodies, but it 

can also measure other 
forces, after its scale has 
been calibrated by com¬ 
parison with known forces. 

200. Distinction 
between Mass and 
Weight The mass of 
a body is the quantity of 
matter in the body, and 
the weight of a mass is 
the force with which it is 
attracted by the earth. 

If g be the acceleration 




♦ This has been treated separately in Art. 203 under ‘Elasticity’. 
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dno to gravity at any place, the weight of a body of mass m gr^s 
at that place is dynes {Art, ^^2). 8o, at different places the weight 
of the same body will be different if the vsClue of Q be different, 
but the mass, or the quantity of matter in the body, remain cons¬ 
tant. The value of Q differs from place to place on the surface of 
the earth due to— 

(a) The peculiar shape of the earth ,—^Tho CMrth is 
flattened at the poles, the polar diameter being less than the 
equatorial diacaeter by about 27 miles. Evidently the value of g is 
greater at the poles and so the same body would ^ weigh greater 
at the poles than at the equator; that is, the weight ofabot^ 
increases, from the equator to the polesy or in other words, the weight 
of a body increases with the latitude of the place. 

For example, the absolute weight of a pound mass varies from 
32'091 poundals at the equator to 32'255 poundais at the poles ; 
and the absolute weight of a gram mass varies from 978 JO dynes 
at the equator to 983’11 dynes at the poles. 

(b) The altitude of the place .—^As the value- of g decreases 
with the increase of altitude, being inversely proportional to the 
square of the distance of the body from the cen^e of the earth \vtde 

98), the weight of a body decreases in higher altitudes, the mass 
remaining constant. For instance, the weight of a 10 lb. body, at a 
height of 50,000 miles, would be abou'^ as much as an^ ounce at the 
surface of the earth. Again, since the value of g is less inside the earth 
[being directly proportional to the distance of a body from the centre 
of the earth {vide Art. 98)], so the weight of a body decreases as it 
is taken down inside the earth, say, to the bottom of a mine ; the 
greater the depth, the less is the weight. Thus the weight is 
an essential property of matter, as a body taken to ihs centre of im 
earth, where the value of g is zero, would have no weight but the 
mass of it will remain unaltered. 

(c) The rotation of the earth .—^The value of g also differs 
owing to the diurnal rotation of the earth about its axis, duo to 
which every body on the earth's surface also revolves and in order 
to keep the body in the circular path a certain fraction of the true 
weight of the body is lost. So the observed weight becomes less 
than its true weight [vide Art. 98 (<?)J. 

At any place the mass of a body is proportional to its weight. 
This means that if a piece of iron weighs five times as much as a 
piece of lead, the mass of iron is five times that of the lead piece. 
Hence when we obtain the weights of various bodies, we also measure 
their respective masses. 

Mass is measured in grams or pounds, while weight should be 
measured in unite of force, i.e. dynes or poundals. Ordinarily 
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however, the two words, mass and weight, are used as synonymous, 
because, as stated above, we get only a comparison of the masses by 
weighing a body by an ordinary balance, and so the weight of a body 
at a given place may be regarded as a measure of its mass, and this 
has led to the use of the units of mass as units of weight. But we 
must beware of this double meaning of “weight." 


201. Detection of the Variation of the Weight of a Body 
with Change of Place :—The difference in the weight of a body at 
■different pkces cannot be detected by an ordinary balance, becau&e 
the body as well as the w'ts/ that are used to weigh it arc both equally 
^ affected by the variation of g. Ho, if a weight ib balanced at one 
- place, the balancing continues when the same is taken to a different 
place. The difference in weight can, however, be detected ’ by means 
of a delicate bpt;ing balance* where tlie body depres.scs the pointer 
to different distances, as the force on the body becomes different 
for different values of g. For iusbinec, if a cubic foot of water is 
weighed in a sjiring balance in London and also at the Kqaitor, 
the indicated weight would be oz. greater in London than 
at the Equator ^ride the table in p, 91). Similarly, it would be j oz. 
greater in Manchester than in London. 


Examples.—(I) A body *0 totiighed in a spring balance at a place where 
ffzs980'9d, and the reading ■indicated by the balance is 50 grams. WkatipiUthe 
reading be, if the body be taken at a place where g -=^981 6i ? 

Let PFi and IF* be the readings of the spring balance, gx and g.i the 
corresponding values ol g , then, if m be the mass of the body, which is the 
same everywhere, we have, 


TF^ mgx 


XlFi: 


=^^^^^^^--■=50 031 gms. (nearly). 


(2) If the weight of a man is 160 16, on a beam balance ai a place where 
g=^980'665 cm jeec."^, how much would he weigh on on accurate spring balance at Ike 
Equtor (g^978'l), and at the Pole {g-= 983'J) f 

The mass of the man—which remains constant both at the Equator 

i>80’665 • 

and at the Pole. • 

If w' be the weight of the mass at the Equator and o' the value of accclera- 

160 

tion due to gravity we have, ^ x 978*1 a 159'56 lb. 

Simaatly, if w" be the weight at the Pole, “’*—930-665 k- 


(3) If the mass of the earth is 81'5,1 times that of the moon, and the diameter 
of the earth is 3 673 times that of the moon, compare the Ufeight of a body on the 
surface of the moon with its weight on the surface of the earth. 


We know from the law of gravitation that the forces of attraction between 
•two bodies ere directly proportional to theit maasea and inversely proportional 
ro the square of the distance between them. 
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Let m be the mess of the body. M the mess of the moon» Jf' the mess of 
the eertb, aod d the distence between the moon and the body, when it is on 
the suzface of the moon, i.e. dsthe radius of the moon, and d'the radius of 
the earth, i.e., distance between the body and the‘’eatth, when the body is on 

the flurl^ce of the earth. Then, we have the attraction of the moon, JF « 


and the attraction of the earth. osJr=^,x|r“gj;V3^ 

•■ 0 T 655 - ^ SB *'o^**t? c/ eari h \ 

Wight on the earth' \ * d radiue of moon / * 


(3*673)* 


This problem shows that while the mass of the body is the same on the 
moon os on the earth, its weight on the eatth is about 6 times greater than 
that on the moon. 


Questions 

1. Define the terms, velocity ra^to, mechanical advantage, and effidenoy, as 

applied to machines. (Mysore, 1952; P. U. 1952; E.P.U. 1951, ’53) 

2. Show that once a body is just ready to slide down an inclined plane, 

the tangent of the angle of inclination of the plane is equal to the co-cffiqient 
of friction. (Del. H.S.. 1952; Dae., 1942; Nag. \j. 1952; Pat. 1927) 

3. What is the acceleration of a block sliding down a 30" slope, when the 

co>e£icient of iriction is 0 25 ? (Poona, 1954) 

lAne. : 9*14 ft./sec.® J 

What h.p. is exerted in pulling a 200 lb. log up a 30° slope at the rate 
of 12 ft./sec. (co-eff. of friction ~0'3) ? 

{Am. : 3'3 h.p.] 

4. A body starting frem rest slides down an inclined plane whose slope 
is 30° (co-eflF, of friction=s0‘2). What is its speed after sliding 76 ft. ? 

[ulna. 40 it/sec.] 

5. What is the mechanical advantage of an inclined plane used as a 
machine, when 03=30°, and the force acts horizontally? When it acts along 
the plane ? 

! 2] 

6 . State what you mean by ‘Limiting iriction', and the * Angle of friction.' 

(Dac. 1928.) 

Explain the laws of limiting friction and describe experiments to verify them. 

(Pat. 1952) 

7. (a) Define‘machine’and‘mecharied advantage.’ (Pat. 1947) 

(h) Justify the statement: ‘What is gained in power is lost in speed'^ 
by considering two important machines. (Pat. 1947) 

8 . Give a neat diagram and very brief description to show the working of 
the second system of pulleys, and deduce the mechanical advantage. (Pat. 1929) 

9 . What ate levers ? Give examples of difierent classes of levers. 

(Pat. 1921) 

10. A uniform beam weighing 72 lb. and 12 ft. long is supported on two 

props at its ends. Where must a mass of 108 lb. be placed so that the thrust 
on one prop may be twice aa that on the other ? ' (Utkal, 1951) 

[Aus. .* At 21 ft. from one end.] 

11. Describe a lever of Class HI. Calculate its mechanical advantage and* 

aboss that the principle of wdek has been satisfied there. (Utkal, 1952> 
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^ Give a vetj brief deaaiption of the second sysiem ot pulleys; and deduce 
the nuech. advantage. (E. P. U. 19!^) 

12. Deduce the M.Ay of a ta^eal and axis £com the general principle pf 

conservation of energy. ^ (Pat. 19^, ^l) 

13. A screw jack has a pitch of ‘05 inch. What weight will it lift (neglecting 
frictioa) when a force of 20 lb. is applied at a point on the arm 18 inches from 
the axis. 

[Ana.; 45216 lb.] 

14. Describe a jack’Screw and state one of its practical applications with 
which you are familial. Neglecting weight and friction of the machine, find out 
an expression for the mechanical advantage. 

A jack-screw having a pitch of 0'25 inch is turned with a force of 50 lb -wt. 
applied at the end ot a handle 3 ft. from the axis of rotation of the screw. 
Calculate the load which the jack will be able to raise. (C. U. 1956) 

[Ana. t 45216 Ib—wt,] 

15. What are the requisites of a good balance 7 You are given an in- 
'accurate balance ; explain bow it can be used to obtain accurate results. 

The only fault in a balance being the inequality in weights of the scale pans, 
what is the real weight of a body, which balances 10 lb. when placed in one 
scale pan and 12 lb. when placed in the other ? (All. 1929 ; Dac. 1933) 

[Ana.; 111b.] 

16. What arc the requisites of a good balance ? A balance with unequal 
arms is used for weighing. The apparent weights of the same body when placed 
m the two pans ai^ 158 0 and 158 25 gms, respectively. Find the ratio of the 
balance arms. ' 

(Dac. 1934 ; c/. Pat. 1928, ’44 ; c/. All. 1946 j C, U. 1950) 

[Ana. ; ,^633 J ^/6^] 

17. Explain with a neat sketch the principle and construction of a physical 

balance. Why is the method of double weighing adopted in the case of an 
in accurate balance ? (C. U, 1930 ; All, 1946) 

18. What are the requisites of a good balance ? Explain clearly how you 

would proceed to determine the true weight of a body using a balance having 
unequal arms. (Utkal, 1944 ; A. fi. 1952) 

i 19. How would you determine whether the arms of a balance are of equal 
length, and how would you eliminate errors due to such an irregularity ? 

(Pat. 1928) 

20. A body is placed on the pan of a balance, whose arms axe unequal and 

is found, to weigh gm. It is then removed to the other pan and weighs 
Wg gm. Show that the actual weight is (Q. P. B. 1926, ’55) 

21. Explain why a balance which is sensitive cannot be stable. 

(P. U. 1952: c/. Guj. U. 1952; c/. Bomb. 1955), 

22. A tradesman sells his articles wc.igbing equal quantities alternately from 

the two pans of a balance having unequal arms. If the ratio of the lengths of 
the two arms be 1023, what is his percentage loss ox gain 7 (Pat. 1952) 

[Ana .: 0'06% loss of tradet] 

23. A body A when placed successively in the pans of a faulty balance, 

appears to weigh 8 lb. and 18 lb.; another body B when treated in the same way 
Appears to weigh 5i- lb. and 12 lb. In what respect is the balance false, ard what 
are the real weights of A and B ? (Utkal, 1954) 

[Ana.; Arms unequal; ratio of arms ?.] 

24. The turning points of a balance were obseriied to the successively 
13. 8, 11. With the body on the left pan and 24‘82 gim on the right pan, the 
turning points were, 14, 9. 12. On adding 10 more milligrams to the weights, 
the turning points became 10,3.8. Calculate the correct weight of the body, 

[Myscure, 1952] 

[Aim, ; 24‘822 gm ] 
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25. Sketch a common eteelyatd. Explain its undetlying principle and show 

how It is gcadumted. (Pat. 1928 ; E, P. U. 1951) 

26. Explain the construction and action of a railway platform balance used 

for Weighing heavy parcels and luggages. * * (AIL 1941; U. P. B. 1942) 

27. “In a common balance we compare masses of two bodies while from a 
spring balance we can get the true weight of a body." Explain, 

(C. U. 1927. ’40. '47 ; Dac. 1929) 

28. Draw a neat diagram, showing the essential parts of a spring balance. 
State why a spring balance gives different values for the weight of a body at 
.different places, whereas a common balance gives a uniform value. 

(C. U. 1952) 

29. Explain why a very delicate spring balance would show a slight differ¬ 
ence in the weight of a body at different places on the eart.h, though a common 
•balance would give no indications of any difference. 

(Pat. 1920. ’32 ; ef, C. U. 1920) 

30. Define ‘weight’ and discuss, as fully as you can, the factors on which ' 

it depends. Describe experiments to illustrate your answer. (Pat, 1931) 

31. Describe experiments by which it can be shown that the mass of a body 
is proportional to its weight and explain carefully the reasoning by which this 
conclusion is drawn from the results of experiments. 

What is meant by the statement that weight is not an essential propertv of 
iinattet ? (Pat. 1932) 


CHAPTER VIII 
PROPERTIES OF MATTER 

202. Constitution of Matter : Molecules and Atoms :— 

Auy given kind of matter is now universally recognised as being made 
up of a very large number of extremely tiny pieces—picce.'s which are 
too small for an ordinary microscope to detect; these pieces are the 
smallest ones in which the mass of a body may be sub-divided while 
still retaming the properties of the original substance. These uni¬ 
tary blocks of a substance are called its molecules. Each kind of 
matter has its own distinctive mSlccule. In other words, molecules 
of the same substance are always alike and those of different sub¬ 
stances different. 

A molecule, again, is composed of still smaller particles 
called atoms which arc the elementary particles of chemical 
elements. When a molecule is sidit up, the original matter loses 
its identity. The different kinds of known molecules, in the l^t 
analysis, have revealed the existence of only nimty-iwo distinctive 
chemical elements. All of these have been experimentally isolated 
with the possible exception of two about which there is at present 
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«ome doabt. This material universe comprises an almost infioite 
variety of substances but the most striking feature is that every ohs 
of them, when analysed, irf ultimately found to have been built up of ' 
any or some of these elements only. The atoms are incapable of free 
existence but by combining with each other form molecules which 
. exist freely. When chemical reaction takes place between two sub¬ 
stances, what happens is that the atoms of one substance combine 
with the atoms of the other to form the molecules of a new substance. 

Formerly, the atcwns were supposed to be indivisible and were 
regarded as the ultimate particles with which ail matter is built up. 
Recent researches have, however, established the existence of parti¬ 
cles far smaller than the atom, such as Electrons, Protons, Neytrons, 
IHc. {vide Chapter I, Part VI) 

The distances or spaces between consecutive molecules of a body 
are known as intei^-molecular spaces, which can decrease or increase 
producing a change in volume of the body. The inter-molecular spaces 
are not vacuous, but it is imagined that these spaces are filled with a 
subtle imponderable fl lid, called the ether whose physical existence 
has, however, not yet been demonstrated. 

The molecules of a body are held together in their positions, 
firmly in the case of a solid and less so in a liquid, by their mutual 
force of attraction, known as inter-rno'evufar force of attraction, 
while in the case of a gas, the inter-molcciilar force is almost 
negligible. 

Tlic molecules of a solid execute vibration about their mean poai- 
tiors of rest which cannot be easily altered, while in case of liquids, 
f they may be altered more easily. In the case of a gas, the molecules 
5)1*0 in random motion pcrijetually. The degree of motion in all the 
three stsites increases with ths increase of temperature. 

For further notes on molecular structure, refer to Art. 202 (a), 
Additional Volume, of this book. 

203. The Three States of Matter :—Matter exists in the 
three states— wtid, liquid, and gas. * 

Distinction between Solids, Liquids, and Gases. —^The mole¬ 
cular structure of matter is common to all the three states. The dtffe- 
ren-e Ites only in the closeness wtth which the molecules ^composing 
the 71 are packed. 

Within a substance (which is an assembly of molecules) 
■forces exist which on the one hand hold the molecules together 
{forces of cohesion) but on the other hand hold them apart at 
•distances corresponding to the state of aggregation (forces of 
repulsion). Such forces are called ioterindlecalar forces. These 
forces are only effective in the immediate vicinity of a molecule, 
called its sp/iere of action. Differences in the relative values of 
these two forces, arising out of different intez^molecular di8tance6» 

12 
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give rise to the three physical states of matter—solid, liquid 
and gas. ^ 

In a solid, the molecules are very closely packed and so the 
forces of cohesion far exceed the forces of repulsion and the result 
is tiiat a solid acquires the ability to preserve a definite shape and 
volume and to put up a great resistance to any change in eitiier of 
them ; this explains why a solid possesses high rigidity as also* high 
Jmlk (or volume) elasticity {vide Art. 213). 

In a liquid, the molecules are packed less closely than in a solid ; 
so cohesion is much smaller and is such that a liquid refidily yields 
to any external force tending to change its shape. A liquid thus has 
no definite shape and takes the shape of the vessel in which it is, 
placed. But the cohesion of the molecules is still sufficiently big 
to enable the liquid to preserve its volume, and quite a large force, 
though relatively smaller than in the case of a solid, is necessary to 
change it even a little. 

In a gas, the molecules are widely separated'vfrom each other so 
that inter-molecular attraction is almost absent and the molecules 
move about independent of each other, being only liniitod by the 
walls of the containing vessel. So it cannot preserv’^c any definite 
shape OT volume^ but, by spreading out readily fills the whole of tlie 
containing vessel ; for the same reason, it is incajiable of oflering any 
appreciable resistance to any change either in shape or volume. 

Fluid. —^Liquids and gases are usually classed together as fluids, 
for they can flow readily. 

204. The Physical States and Temperature ;—No physical 
state is permanent for a substence, for it can be made to pass from ‘ 
one state to another under suitable conditions. Thus water which is 
a liquid at the ordinary room temperature, can be converted into solid 
ice by progressively cooling it, or can bo changed into steam, a 
vapour, by applying heat to it A similar property is common to aU 
substances, i.e. a liquid can be solidified by extracting heat from it 
and can be vaporised by adding heat- to it It is tlie temperature 
which determines the physical state of any particular substance and 
stands for the molecular motion in the substance. F(tr a substance, 
relatively speaking, the gaseous state corresponds to the hottest the 
solid state to the coldest and the liquid state to an intermediate 
temperature. That is, with increase of temperature inter-molecular 
space increases. That is accounted for by saying that molecular 
motion increases with increase of temperature. 

205. Mol&ndar Motion in the solid, liquid and gaseous 
States :—In the solid state, the motion is so restricted that a mole¬ 
cule can only vibrate about a mean position of rest which cannot be 
altered easily. The amplitude of this vibration increases with the rise 
of temperature and at a certain temperature, called the melting point 
ei the solid, fhe motion becomes violent enough to enable a molecule 
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to break away from its confinement an(f to acquire a motion of 
translation. That is, at this state of energy it has not only vibra,tory 
motion but translatory ftiotion too. In a h'quid, a molecule has no 
mean position of rest and this accounts for the ability of a liquid to 
flow. At a still higher temperature, when the liquid boils, the 
molecular motion is so violent that the forces of cohesion cannot 
prevent the molecules from shooting away from the boundary of the 
liquid. This is vaporization of the liquid. The molecules at this 
stage acquire a violent translatory motion to limit which a container 
closed on all sides becomes necessary. By successive reflections 
from the boundary wall and mutual collisions, a very chaotic type of 
motion of the molecules results within the gas. 

206‘ General Properties of Matter :—Certain properties are 
found to be common to all the three states of matter,—solid, liquid 
and gas, and arc hailed the general properties of matter, while tliere 
are other properties which arc peculiar to a particular physical slate 
or states only and arc referred to as special properties of a physical 
state. 

Inerticr. —^Insinimate matter by itself cannot change its own state 
whether be it a sfcite of rest at a given position, or configuration, or 
a state of motion in a straight line. It has no initiative of its own. 
This property is known as inertia. The inertia of a body is duo 
to its mass. 

Gravitation. —Every particle of matter in this universe attracts 
every other particle towards itself. The strength of this attraction 
between two particles is directly proportional to the product of the 
two interacting masses and inversely proportional to the square of 
the distance between them. The falling of a fruit to the earth when 
the former is detached from its stalk is due to the mutual attraction 
between the earth and the fruit The mutual attraction between 
the moon and the ocean water causes the high and ebb tides. The 
earth rotates round the sun duo to the mutual attraction between 
them. • 

Cohesion and Adhesion. —Cohesion is the force of attraction 
between molecules of the same kind, and adhesion is the force of 
attraction that exists between molecules of different nature. Cohesive 
force keeps the molecules together in a substance and adhesion is the 
cause of sticking together of two substances, e.g. wetting glass by 
water and other liquids, gluing wood to wood, ‘tinning^ metals with 
solder, etc. Cohesion holds together the particles of a crayon, but 
adhesion holds the chalk to the blackboard. 

Impenetrability, —It is the property in virtue of which two 
bodies cannot occupy the same space at die same time. If a metal 
ball is immersed in a liquid, the liquid mcfves away to make room for 
the ball. When water is poured on sand, it seems, as if the former 
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peuetra^ into the latter, but in fact it only aUs the pores between 
the particles of the sand. 

£^«ntfon.—It is the property in virtue of which everj* body 

S ies some dcBnite space. The space which a body occupies is 
its volume. Tho volume may be changed due to changes 
in temperature, pressure, etc. but cannot be reduced to zero. ^ 

DiVi8i6«7lty.—It is the property in virtue of which a nmterial 
body can be subdivided into extremely minute parts. The physical 
processes of sub-division, such as hammering, sawing, rubbing, filing 
etc. can no doubt reduce a lump of matter to a state" of fine powder 
but even at the last stage of sub-division, tiie grains are very large 
compared to the molecules which compose them. By an ad of 
solution, the particles are dispersed to much finer pieces. In the 
colloidal state of solution, the dispersion is lesser than in ^e slate of 
trm solution and the particles are within the range bf vision tlirough 
a powerful microscope, mx. a Zsigmondy's Ultramieroscope. When 
the state of dispersion is such that a particle has a diameter of the 
order of 10"'^ cm. or less, we term it a true solution. Even greater 
sub-division of the particles of matter tjikes place, when a scent or 
perfume spreads out in air. A rose smells W hours witliout any 
visible changes in mass ; a bit of musk sends out its scent for years 
together ; what unique processes of sub-division arc taking place in 
nature I 

Porosity.— All bodies contain pores more or less. The pores 
may be of two types, sensible and physical. In the case of solids 
and liquids, sensible pores are very large compared to tho inter- 
molecular spaces and so intermolecular forces cannot act across 
them. They are spaces left between one cluster of molecules and 
another. Physical pores are small enough for intermolecular forces 
to act across them. The intermolecular spaces are these pores. 
Solids contain both types of these pores. Often the physical pores 
are not regularly situated within a body. A piece of chalk, a heap 
of sand, our skin, earthenware •pots, filter paper, leather, wood, sponge, 
etc. are some instances of very porous solids. The liquids are also 
porous. When a salt is slowly added to water, the volume of liie 
latter docs not increase by the act of solution. How are then the 
salt grains accommodated ? They only go to fill the pores Ix'tween 
liquid particles. These pores are the physical pores made up of the 
intemolecular spaces, and the molecules around such a pore are 
within the sphere of each other's action. With increase of tempera¬ 
ture, these spaces expand when more salt can go into solution. 

The intermolecular spaces in a gas are extreme cases of physical 
pores. A gas can be easily compressed, and one gas easily and 
rapidly diffuses into another on account of these pores being very 

large. 
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Compresaibility. —^It is the property of a body iu virhuo of 
which it can be compressed so as to occupy a smaller volume by 
application of external pressures. Compression is i)oasible because 
of the fact that all bodies contain pores. Gases are the most com¬ 
pressible ; liquids are only slightly compressible ; in the ease of 
solids compressibility varies widely from polid to solid, namely, while 
rubber is very compressible, glass and diamond can hardly be 
compressed. 

Density and Elasticity. —All material bodies must have some 
mass and the mass per unit volume of a body is called its density. 
So density is a universal property of ail matter. 

Elasticity is the property (which all matter possesses more or less 
in all the throe stsites—solid, liquid, and gas) in virtue of which a 
matter cau oflbr resistance to a force or system of forces which 
produces a deformation of it ('ith(*i in shapi' or size or both and cau 
regain its shap<‘ and size (if the defermatiou produced is widiiu a 
limit for it) as the didorining force is withdrawn. 

Both the dt^sity and (elasticity are of such primary importance 
that it is claimed that all othi>r properties of matkT can be accounted 
for iu terms of these two factors. So both of them have been 
separately dealt witli in the following pages. 


ELASTICITY 

\2p^ Elasticity :—It is an inlierent general property of 
aU ^ids of matter, solids, liquids, and gases. It is that property in 
virtue of which a body oilers re»ibtance to any change of its size or 
shape, or both, and can resume its original condition when the 
deforming force is removed. 

A body resumes its original condition aftr*r the removal of the 
deforming force provided the deforming force does not exceed a 
certain maximum limit, called th(‘ Um^t 0 } elat>ticily or the elustic 
hnut. If it exceeds that limit, the body will not completely recover 
its original size or shape when tlie deforming force is removed. The 
force in this case is said to have exceeded the limit of elasticity. 


208. Some common terms used in connection with elash 
ticity 

]$trtttn —When a forcf' or a system of forces acting upon a body 
produces a relative displacement betwetm its parts, a change in size 
or shape or in both may take iilace. The body is then said, to be 
under atrnin. The strain produced iu a body is measured in 
terms of the change in some measure of the body, such as its length, 
or volume and so on, divided by the total measure. Strain is l£us 
the ratio of two like quantities, and is a pure namber without 
dimensions and has no unit for it 
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—^When a body is strained* internal forces of reaction are 
automatically set up within the body, which act in the opposite 
direction, due to which the body tends to return to its original size 
and shape on withdrawal of the deforming forces. This restoring force 
is called the nfress. It is numerically equal to the defonning force, 
according to Newton^s law of reaction, as long as the strain produced 
is within the elastic limit. 

The stress or a component of it, which acts normally to any 
section of a body, is called a normal stress to that section and that 
stress or a component which acts parallel to any section of the body, 
is called a tangential stress on that section. 


The stress intensity or simply the stress is measured by the 
fore^ 'per unit area of a section and, when uniforxa^ is obtained by 
dividing the total force by the total area over which it acts. 


Perfectly Rigid Body. —A perfectly rigid body is defined to bo 
such that no relative displacement between its parts ^akes place 
whatever force is externally applied to it. No body is known to be 
perfectly rigid, though glass, steel, etc. are nearly so. 


Perfectly Elastic Body. —If a body perfectly recovers its 
original size and shape, when the deforming force acting on it is 
witiidrawn, it is said to be perfectly elastic. No such body is known 
for all value of stress. A b(^y, however, behaves as perfectly elastic, 
when the deforming force does not exceed a certain limiting 
(maximum) value, called the clastic limit of the body, whose value 
depends on the nature of the material of the body and the nature of 
the stress.,, 

Limit. —A body behaves as perfectly elastic only as long 
as the deforming force acting on it does not exceed a certain 
maximum value depending on the, nature of the substance and the 
nature of the stress. This limiting value of the stress is called the 
elastic limit of the material of the body for that type of stress.* 
A high elastic limit is possessed by steel and a low one by lead. 

209. Load-Extension Graph :—The elastic behaviour of a 
solid, particularly that of a metal, such as mild steeb when subjected 
to deforming forces ranging from low values to high values excee¬ 
ding the ekstic limit, is well illustrated by what is known as a 


^Various theomt have been suggested as to when the elaatic limit is 
xeaclied by a body. Is it when the stress developed attains a limiting value or 
the strain a definite value for^the aubstance, etc ? 
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extension graph as shown in Fig. 116. In obtaining the 
experimental values for such a graph, a wire of the material may 
he taken and elongated by Jiianging weights (called the load) from 


'WAIST 


On ooinmonciiig to load the specimen and noting for each 
increment of load the extension (change in length from the original) 
produced, it is found that a straight line is obtained when the loads 
and extensions are plotted. This straight line continues npto a 
point a [Fig. 118, left], but beyond a the graph becomes slightly 
curved. Upto the point a, the load is proportional to the extension. 
The next point h niarks the elastic limit for the material, and is so 
called because if we do not exceed />, the material, shrinks back 
to its original length if the load is taken oflp, and the material has 
not lost its clastic properties even in tlie least. The points a and b 
may, for all practical purposes, be regarded as one and the same 
point, as indeed they sometimes are, unle'^s very accurate tests 
are intended. Very soon after the point h, the elastic limit, is 
exceeded, a considerable amount of extension of the i laterial takes 
place even though the increase of the load on the specimen is quite 
small. The i)oiut c which marks the limit of this stage of the specimen 
is termed the yield point. It is often named the commercial elastic 
linut in commercial testing of materials. After passing the point c, 
the material seems to regain its stren^h somewhat, as it is found 
that further additions of load arfe required for further extensions 
to be produced. The maximum or ultimate load, from which 
the ultimate stress is calculated, is reached at the point d, and 
beyond this the specimen relieves itself of load by rapid stretching, 
whereby a *a>aisf (right diagram, Fig. 118) or local contraction 
-develops at some part of the material where finally fractore occurs. 
The position of the material where it will occur is, however, 
unpredictable. The waist is quite pronounced in ductile materials, 
and small for brittle ones. 

The part of the extension upto the elastic limit h is termed 
•elastic deformation, and the remaining part from 6 to 6 is termed 
sion-elastic or plastic deiEarmation. 


as m experiments described in Art. 219. 
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2to. Factor of Safety: —^Materials with which machines 
and etractnres are made are often subjected to stresses, other than 
normal stresses, which cannot be always predetermined. To avoid 
failure of structures, desi^ers therefore choose as a measure 
of safety a working stress for the material, which is much below 
the vUimate stress corresponding to point d in Fig. 118, for the 

material, for design purposes. The --is termed 

working stress 

the factor of safety. The working stress so talten must also be less 
than the elastic limit stress so that no permanent deformation may 
take place in any part of the material. 


211, Different Kinds of Strain :— 

(1)' Longitudinal (or Tensile) Strain ,—When a body is 
acted on by a stretching (or compressive) force, the fractional 
(or decrease) in the length in the direction of the force is called 
longitudinal or tensile strain. The corresponding stress is called 
longitudinal or tensile stress. Thus, if due to stretching or compres¬ 
sion, /—the change in length of a body of length L, 


the longitudinal (or tensile) strain — 


i; 


It being a ratio of two lengths is a pure number having no unit 
for its measurement. Only solids can hare such sir ain.<. 

Poisson*s Ratio .—When a body is acted on by a stretching force, 
the extension in the direction of the applied force is always accom¬ 
panied by a lateral contraction in all directions at right angles to the 
* direction of applied force. It is found that this lateral strain is 
proportional to the direct strain, 

ja constant, called the Poisson's Ratio, 
longitudinal strain 

whose value depends only on the nature of the material in question 
and not at all on the stress applied provided it is within the elastic 
limit- Poisson's Ratio for a stretching force is the same as that for 
a compressive force in which icase there is lateral espau&ion. 


(2) Volume (or Bulk) Sfirain. —In such strains there is a 
change in volume only without any change in shape. This takes place 
when a body is suljceted to a uniform pressure acting normally at 
every point on its surface. The corresponding stress (force per unit 
area) is called the ^ olume stress. If F be the original volume of a 
body and the change produced in the volume, 

volume strain"® ^ 

It is a pure number and has no unit for its measurement. Volume 
strain, even for very large deforming forces, is small for solids and. 
liquids, while in the cafe of gases even a very small force produces 
a very large volume strain. 
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Shearing Strain (or Shear). —^When the strain produced 
in ^ody is suii that there is only change in shape or form of it but 
no change in volume,* k is said to be a shearing strain or simply a 
shear. It is a special property of solids only because they only have 
a definite shape of their own. 

Suppose a rectangular block, ABCDEFOHf [Fig. 118 (o), left]> 
of a solid has its bottom face CDEE fired to a horizontal platfornu. 



If a force P be now applied so as to act uniformly and tangentially 
over the face (area^^) in the direction shown, this lace (section j4i^) 
will be displaced, suppose, to the i>o&ition represented by the section 
in Fig. 118 {a), right, relative to the face CVhll represented by 
the section TD, the block assuming a rhombic form. The material of 
the block suffers a change in shape only without any change in volume. 
The strain jirodiiced in this case is a case of t-hcar and is measured 
by the angle ADA' ( = 0 = the angle BCB% which is called the angle 
of shear. Let AA' he x and Al)==^b^ then, (B small), 

shearing strain—O — tnn B=^ 

_ relativ e ^splaocment oT two planes of the body 
distance of separatiQii of the two planes 
^relative displacemeijt for ]>lanes at unit distance apart 
—dii^placemeni gtadient. 

The corresponding stress, which is tangential to the surface is 
called the shearing stress and is given by Pi<. 

fee's iLaiu :—^This is the basic law of elasticity. It 
was established in 1678 by Robert Hooke of England. 

In the origiijal language the law was stated as ^ut tensfo sie tis% 
which means that the stretching is proportional to the force 
producing it The law is true for all cases of elastic deformations, 
provided the deformations arc small. Some elastic deformations of 
different kinds in the case of solids, such as stretching, compressing, 
bending, twisting, etc, are illustrated below* 
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In gtretching, two cases of extension, {i) of a straight wire (Fig. 119, 
left), and (») of a spring (Fig, 119, right) have been depicim under a 
*load m, when for the stretching force, F’—a length L 
shown to be extended through 1. According to Hooke's law, * ** F. 

fn bending, a straight bar (Fig. 120, left) fixed at an end has been 
shown to be deflected downwards at the other end through a vertical 



StretQhing 
Fig. 119 

distance d from its original horizontal position due to a vertical load 
exerting a force,The fibres of the bar along the top surface are 
extended while those at the bottom surface arc compressed. Some¬ 
where in the bar there is a surface along which there is neither any 
extension nor compression of the fibres. This surface is usually called 
a neutral surface ; in the unstrained position, the neutral surface is 
horizontal. According to Hooke's law, d<*F. 

In twisting or torsion a horizontal rod (Fig. 120, right), clamped 
at one end and a force applied tangentially at the other producing 
an angular displacement {i.e. twist), 0, has been depicted. According 
to*Hooke’s law, the twist, 9 is proportional to the torque. 



Bending Twisting 

Fi«. 120 

or, 0 '*(Fx r), where F{^mg)—d. vertical downward force acting 
^tangentially at a distance r from the axis of the rod, where r is a 
• constant, or, mg. 
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Thomas Young modified the statement of the Hooke's law and it is 
!his definition^fWoh is accepted at present as Hooke's law, the mean¬ 
ing of thejitw being the saipe. 

Ybnng'a Definition of Hooke*s Loav :—Within the 
elamc limiU stress is proportional to strain. 


That is, within the elastic limit, 


stress j 
strain 


'a constant=E, (say). 


This elastic constant is called the Modulus (or co-efficient) of 
elasticity of the material of a body. As strain is a pure number, 
the co-efficient of elasticity is measured in the same unit as that of 
stress and is expressed in dynes/cm.® or lbs. or tons per sq. inch. 

The law, as was pointed out before, holds good for all cases of 
strain, such as tensile, volume, twisting, bending, etc. But for different 
•cases of strain, the modulus has a different value and is differently 
named. Thus, * 


(i) 


Young's modulus — 


tensile stress 
tensile strain’ 



Balk modal,,, 

volume strain 


(iii) 


Eigidity modalus^ shca^g_stross 

shearing strain 


214. TcAle of Elastic Constants :— 


. 

Substance 

■Y oung’s 
Modulus 
(dynes/cm.*) 

Rigidity 

Modulus 

(dynes/cm.*) 

Bulk 

Modulus 

(dyneB/cm*) 

Copper 

32 5X10'' 

4X10'^ 

14-3X 10" 

Iron (wrought) 

! 19 5X10" 

• 8X10" 

14'6 X lo" 

Steel 

20X10'' 

•8-5X10" 

18-IX10" 

Glass (flint) 

5 5X10" * 

?‘3xl0" 

37X10'* 

Water 

• • * 

• •• 

0-205x10" 

Msreury 

» • ■ 

• • • 

2-6 X10" 


The large number, as shown above, needed to express the elastic 
moduli are, in the first place, due to the very small unit (dyne/cm.“) 
in which the stress is measured. Secondly really very large forces 
are needed to produce appreciable strains in solids About 1400 
atmospheres are required to bring about a volume decrease of 01% 
in copper. 
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215. Ste^ more eta»tic than india-Rttbber :—As stress/strain 
~ modulus of elasticity, a lai^e modulus of elasticity, for a body 
meaas that a lar^ force is necessary t^-a large stress is developed 
within the body, in order to produce a given strain in ii The 
modulus of elasticity is by far greater for steel than for India-rubber 
and so the stress developed, in order to produce a given strain, is far 
greater in steel than in India-rubber. In scientific definition, a body 
JL is said to be more elastic than another body i?, if the stress 
developed in the former is greater than that in the latter, when the 
same strain' is produced in either. That being so, steel is far more 
elastic than India-rubber. For similai* reasons, glass is more elastic 
than steel. 

216. Verification of Hookas Law t —Hooke's law may be 

easily verified in various ways of which one methpd is by spring- 
balance. By placing different weights on the pan and noting the 
corresponding elongations, a graph can be plotted with load and 
extension. The law will be verified, if the graph is a straight line 
[vide Art. 199], It should be noted that the elongation is propor¬ 
tional to the load within the elastic limit * • 

217. (0 Young*e Modulus ;—According to Hooke's law applied 
to longitudinal elasticity, longitudinal stress divided by longitudinal 
strain is a constant quantity for a solid within the elastic limit. This 
constant, which is the co-ellicient of longitudinal (tensile) elasticity, is 
called Young's modulus in honour of Thomas Young of England. 

Thus, if F be the force which acting in the direction of a length 
L of a wire of cross-section A stretches it by a small length /, then 
the stress**force per unit area = F/A = F/7rr®, where r is the radius 
of the wire; and the longitudinal strain=elongation per unit 
length = /jL. 

Y (Young*8 Modulus) dynes per sq, cm. 

(or Ibs.-weight or tons-weight per sq. inch). 

(fCK ^Bulk Modulus .—It is the co-efficient of bulk {i.e. volume) 
elasticity. If V be the volume of a body which is increased or 
diminished by an amount v when subjected to a uniform pressure p 
(stretching or compressive) acting from all sides on the body, the 
bulk (or volume) strain=r/ F, and the bulk stress=p. 

.‘. Bulk moduluspdyneslcm.^, or lbs,-weight 
or tons-weight per inch^. 

***„{iiO Rigidity Modulus. — ^It is the co-efficient or modulus 
of sSsar elasticity. That is, rigidity modulus 

^a hearing s tress_ 

shearing str^ * 
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. -0 

Thus in the case of the shear describei! in Art. 211 under 

P}< Pl< 

■aub-section f3), 


218. Modalaa of Elavticity and Young*8 Modulus dis¬ 
tinguished :— 

According to Hooke's law, a constant, within the elastic 

strain 

limit. The general name for this constant for all cases of strain is 
the modulus (or co-efficient) of elasticity, VVlion particularly the 
stress is such that the strain is a tensile one, this co-efficient is 
’•'i'alled Young's modulus. Thus Young's modulus is the .modulus 
of longitudinal (or tensile) elasticity. That is, the former is a general 
name for all co-ofi^cients while the latter is a particular co-efficient, 
namely the co-efficient of longitudinal elasticity. 

219. DeterminTtion of Young*s Modulus for a Wire :— 

(i) Vernier Method. —^The extension of - - ■■ -,f- 

a wire, when stretched by a load, being very 
small, a straight vernier may, witli advantage, be 
used as follows, to measure it in determining 
the Young's modulus. 

Two equal lengths (Pig. 121) are cut from the 
same sample of the given wire and are suspended 
close to each other from the same rigid 
support (C). One of them, Ay called the 
auxiliary wire, carrying a fixed scale 8 has got a 
heavy load W attached to it to keep it straight 
and free from kinks. The second wire, B (the 
experimental wire), carries a hanger on which 
any desired weight F, may be placed. A vernier, 

Vy mounted on the wire B can slide along the 
scale 8. • 

First calculate theoretically the hreiking weight 
i^vide Art. 220) of the wire. This is obtained by 
multiplying the area of cross-section of the wire 
with the breaking stress for the metal of which the wire is made. 
In practice, care must be taken never to add on the hanger more 
tlian half the ‘breaking weight.' This is the maximum permissible 
weight and stands for the elastic limit. 

Now place on the hanger this maximum permissible weight and 
for a few minutes allow the wire to remain stretched with it. Then 
remove the greater part of the weight leaving only enough to 



Fig. 121 
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keep the wire taut and free from kinks. This may be called the 
initial load. Take the scale and the vernier reading at this load*. 
This is the initial reading. ‘ ‘ 

Then, increase the load by ^ kgm. and again note the reading. Go 
on increasing the load by steps of ^ kgm., and note tlio reading for 

each load up to the maximum 
permissible load. This is the 
point beyond which Hookers law 
docs not hold. Now reduce the 
load by equal amounts {i.e, by 
i kgm) till the initial load is 
reached, noting the reading in, 
each case. Take the mean of 
the readings for increasing and 
decreasing load for each load. 
This mean gives the probable 
real reading corresponding to 
that load. The two sets of read¬ 
ings should oloBcly agree, but 
Fig. 122 difter appreciably, it is 

possible that the wire has been stretched beyond the clastic limit, 
in which case the experiment should be repeated with a new wire. 

Measure the diameter of the wire very accurately with a micro¬ 
meter scrcw-gauge at several places along the length of the wire 
(from the point of support to the zero of the vernier) and in doing so 
readings should be taken twice in right-angled directions at each 
place. Find out the mean radius (0 from the above. 

Tabulate the readings against the corresponding loads and find out 
the elongations for the various loads by subtracting the reading 
corresponding to each load from the initial reading. Then plot a 
curve with loads as abscissas and the corresponding elongations as 
ordinates (Fig. 122). The graph should be a straight line passing 
through the origin, meaning thereby that the elongation is zero for 
zero load. Hooke's law is verified, if the graph is a straight line. 

From the graph find out the elongation I corresponding to any 
suitable load, say, m grams. Measure the length L of the unstretched 
experimental wire from the point of suspension up to the point 
where the vernier is attached. Then, 

Young*s Madultts-^^^dynes} 

Note.—(a) As the wires hang from the same support, any yield 
of the support will affect both the wires similarly and so there will bo 
no relative motion of V over 8 due to this cause. 


{b) As the two wires are made of the same material, any varia¬ 
tion of temperature will affect both the wires by equal amounts and 
so the readings will not be affected. 
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(f*i) • Searle^s Method *—This method and the ‘Vernier Method' 
are exactly identical except in the process of measurement of the 
extension in length. A, straight vernier is used in the ‘Vernier 
Method' to measure the extension of the we when stretched, while 
in Searlo's apparatus a screw-gauge is adapted for the same purpose. 
The accuracy reached in this latter method is greater since a screw- 
gauge is more accurate than a straight vernier. 

In Searle's apparatus (Fig. 123) each of the two wires, the 
comparison wire A and the experimental wire B, carries a brass 
rectangle from the lower ends 
of which weights can be hung. A 
spirit level (L) is put across from 
one rectangle to the other. It 
turns freely round a hinge (B) at 
one end and at the other rests on 
the point of an accurately cut 
vertical screw (f) of small jiitch, 
working in the same vertical line 
as the exporimeijtal wire B. The 
screw carries at its lower end a 
cylindrical head (/7) whose cir¬ 
cular edge is uniformly divided 
and fonns a circular scale. The 
pitch of the screw is usually 1 mm 
and the circular scale divided 
into 100 divisions. As the head 
of the screw is turned, the cir¬ 
cular scale moves across a short 
vertical scale (5). Thus, if the 
head is turned through 1 circular 
scale division, the point of the 
screw moves upwards or down¬ 
wards through O'Ol mm. 

The method of use of the 

apparatus is as follows : The aif-bubblo in the spirit level is brought 
to the middle of it by turning the cylindrical head and a reading is 
taken by tht> help of the linear and the circular scales. Now, when 
a given weight is hung from the experimental wire B, it extends 
downwards and the spirit level will be disturbed. Slowly and 
carefully the screw is turned to raise its point till finally the bubble 
is brought to the middle again. The number of circular scale 
divisions through which the head of the screw is turned, is used to 
calculate the extension of the wire under a given load. 

N.B. For an expression for Moment of Shear and Determination 
of the Rigidity Modulus, refer to Arts. 219{o), and 219(6), Additional 
volume, of this book. 
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Eumplet.'* (1) A rubber eord O'i cm. radiw w haded with H hgme-weight, 
^Length of SO erne, ie fouad to be extended to SI erne. Oaiouhie the Tonng'e modulue 
of rubber. 

Here the pulling force P»“13 x 1000 x 9813312,753,000 d;nei. 

Stress a* 12.753.000 f »r x (0'2)* ; Strain^ (51—50) +50«0D2; 

dynes per sq. cm. =*0 5x 10^® dynes per. sq. cm, 

(2) A mats of 20 Jcgme. te eutpenied from a vertiecd wire 600’S erne, long 
and 1 eg. mm. in cross eection. When the load ie remooed the wire ie found to 
•^s ehorlened by O'S cm. Find Toung'e modulue for the material of the wire. 

(0. V. 1938} 

Pulling force =20 x 1000 x 981 dynes ; 

Stress=F/ (area of cross-section) = (20 x 1000 x 981) + (0*01) 

* =1962 X10* dynes per sq. cm. 

Youn,-. ^odulu. 

a* 1200 X 1*962 X 10* =2*3544 x lO^* dynes per sq. cm. 

220. Properties peculiar to Solids :— 

Ductility. —It is the property of a solid in virtuC of which it can 
be drawn into fine wires ; the finer such wires can be, the greater is 
the ductility of the material. Quartz and platinum are so ductile that 
wires having diameter as small as 0 01 mm. can be drawn out of them. 
Ductility increases with temperature. 

Malleability . —is the property in virtue of which metals can 
be hammered into thin leaves (^old, silver, load, etc. are good ins¬ 
tances of malleable substances. Load is a malleable metal but not 
ductile, as it cannot be drawn into fine wires. 

Of all pure metals, gold, is the most malleable, so much so that 
even 30,000 such leaves to the inch can be had. Solids become more 
malleable when hot and this makes the rolling of metals into sheets 
possible. 

Rigidity. —^It is the property of a solid in virtue of which it 
can resist externally impressed forces, tending to change its shape. So 
by virtue of this quality a solid keeps its owu form, unless subjected 
to a force exceeding its elastic limit. Rigidity of a solid decreases 
with the increase of temperature. 

Tenacity. —It is the property of a solid in virtue of which, when 
in the form of wires, it can support a weight without breaking. The 
weight required to break a wire is called its breaking weight, and is 
the measure of the tenacity or iemile strength of the material of 
''the wire. 

Wrought-iron has more tenacity than cast iron j and the steel 
rjpianoforte wire is the most tenacious of the three. 
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/ifarcfnen.—It is the property of a solid 'in virtue of which, it 
offers resistance to being scratched by others. Diamond is tihe 
hardest known substance/* while glass and steel are harder than many 
substances. The hardnesss of a solid decreases with increase dE 
temperature. 

There is no meaning for the absolute hajtdness of a substance. It 
is a relative property. A scale of hardness can be prepared by arrang¬ 
ing all solids according to their relative hardness ; one such scale is 
Mohr’s scale of hardness, in which a solid anywhere iu the scale 
is more hard than that follows it, but less hard than that precedes it. 

Hardness must arise from the clastic projjcrty of a solid, which it 
^ must be noted, varies considerably with the previous ‘’hxsiory of the 
''matsrial’ Take, for instance, tempered steel’ which is nothing but 
ordinary carbon steel only heated to redness and then suddenly 
cooled by plunging into water. The process in called tempering, 
due to which sU'el becomes harder though a little more brittle too 
But if the red-hot metal is allowed to cool slowly^ the nietiil becouics 
much soliter, the technique being called, ^annealing’. 

HardfiMSB TMing Machine .—One method of testing the hard¬ 
ness of a material is by the Brinnel Hardness Tester, in which u 
steel ball is pressed under a given force upon a plane surface of the 
material whereby a depression iu the form of a cup is formed in the 
bedy. The area of indentation is taken as a measure of the hardness 
of the material. 

Brittlenesu .—is the property of a solid in virtue of which it 
can be broken into i»iecc8 by mechanical shocks such as by stroking, 
hammering, etc. Glass, Porcelain, China clay, though very hard, are 
brittle. All solids arc not brittle but very hard solids generally are. 
By tempering, when solids are hardened, their brittyufess increases 
too. Thus tempered steel, though very hard, is brittle. Molten glass 
beads when suddenly cooled by water are rendered so britth' that 
they can be crushed to fine powder 'at the mildest blow. Ruperts 
drops are such drops. To reduce the brittleness of substances like 
glass, steel, etc. annealing, which is* a process of slow cooling, is 
adopted. Shock-proof glasswares iu*e now-a-tlays manufactured by 
allowing molten glass to cool very slowly over days together. 

221. Propertiee peculiar to Fluids :— 

Diffusion .— The phenomenon of inter-mixing of two liquids or 
two gaseSi sometimes even in opposition to gravity^ is called diffusion. 

Expt. 1 .—Keep a strong potash permanganate solution (a coloured 
liqmd), at the bottom of a glass-tumbler. Pour water (by the sides 
of the tumbler) slowly and carefully, without disturbing the solution. 
It will be observed tiiat the coloured solution, though heavier ^an 
water, ^aduaUy works up and finally after some time, spreads out 
uniformly tiirooghout the whole mass. 

13 
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Similarly, if a few crystals of copper sulphate are placed at tho" 
bottom of a glass-tumbler filled wiA water, the characteristic blue 
colour of the sulphate is observed to rise sioVly, showing the dijBTusion 
of the sulphate molecules upwards. The phenomenon cannot^ be 
argued to be due to buoyancy for the sulphate is heavier than water. 

Expt 2 .—^^Cake a jar filled with a light gas like hydrogen, the 
jar being closed by a lid. Take another jar filled with a heavy gaa 
like carbon-dioxide, also closed by a lid. Invert the former jar over 
^e latter and take away the lids. Wait for sometime and it will be 
found that an intimate mixture of the two gases has been formed, as 
may be proved by analysis. The travel of the hydrogen molecules 
downwards and of the heavy carbon-dioxide molecules upwards 
are contrary to the principle of gravity and arc characteristic oi 
diffusion. 

. 222 . A Simple Explanation of Diffusion :—Molecules of 
all fluids, according to the Kinetic Theory {vide Chapter IV, part II)' 
are in spontaneous motion in all possible directions irrespective of 
gravity and as such inter-mixture between two fluids can take place 
spontaneously. In gases the molecular motion is much more vigorous 
than in liquids and so gaseous diffusion is much quicker than 
liquid diffusion. 

223. Viscosity :—A rod held fixed at one end and twisted by 
the other can resume its ori^nal shape when the turning force 
(which is a tangential force and is called a shearing force), is with¬ 
drawn. This is possible due to an inherent property of a solid 
known as its rigidity. All solids can stand shearing forces, though 
upto a maximum limiting value only. 

But this limiting value is very high for the solids. The fluids differ 
in this respect from the solids. They cannot stand any shearing forces 
and so they have no definite shape of their own. This difference in 
behaviour arises from the fact that the inter acting forces between 
molecules, known as cohesive forces, in a liquid are very much less 
than in a solid, while they are negligible in the case of gases. 

If water in a pot, after stimng, is left for sometime, t£e motion 
of the water subsides. This is a very common observation. What 
stops the motion ?_ An enquiry into the question reveals ^at in a 
fluid, whether liquid or gas, when any relative motion between parts 
of the fluid is caused, internal forces are set up in the fluid which 
oppose the relative motion between the parts in the same wfty as the 
forces of friction operate when a block of wood is dragged along the 
ground. In short, a less quickly moving layer of the fluid exerts a 
retarding force on the more quickly moving layer, the motion of the 
latter being thereby reduced while ^at of the former accelerated 
and in this way the relative motion between the two gradually 
decreases till finally it stops altogether with respect to '^e walls of 
the stationary pot in which the water is contained. 
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The property, in virtue of which retarding forces are eaUed into 
play toifhin a fluid when any relative motion betvmn its parts occurs, 
is an inherent property df ail fluids, differing only in degree from 
one fluid to another, and is termed the viscosity of fluids. 

Co-eificient of Viscosity ,—A measure of the viscosity of a fluid 
is given by what is termed the co-cflicient of viscosity. The co- 
efflcient of viscosity is defined as that tangential force applied per 
unit area which will maintain a unit relative velocity between 
layers o f a fluid at unit distance apart. 

ConsidiT two layers AB and CD in a fluid, distant d apart 
(b'ig 124), both moving for¬ 
ward in steady motion such 
tliat while still remaining 
I)arallei to each other, the 
layer AB moves* faster than 
the layer CD, the former 
having a relative velocity 
V with respect to the latter. 

A driving .forc’e? parallel to 
AB and directed from A 
to B, will be necessary to maintain this flow. On account 
of tlie viscosity of the fluid, the driving force acting on AB 
will be opposed by force F, calli^d the viscous force, exerted 
by the layer CD on AB. The layer AB will also exert a force (i^ 
on CD tending to accelerate the motion of the latter. According to 

JP 

Newton, tlie stress where <>i=area of either layer, is proportional 
to the velocity gradient, ^ {i.e. the relative velocity per unit distance), 

U i • 


B 

-u-f-p 


d 

1 .-.- 




F 

Fig. 124 
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or, where is a constant called the co-efficient of viscosity 

of the fluid whose value depends on the nature of the fluid and its 
temperature. , 

That is, the viscosity co-efficient, 17 = viscous stress inten¬ 
sity per unit relative velocity. 


224. Viscosity is a relative term :—When water is ponred 
into a funnel, it runs out quickly but glycerine or thick oil does so 
slowly and treacle much more slowly. Ordinarily, the liquids like 
water which flow readily are termed mobile, while those of treacle 
type which do not flow so readily are termed viscous. This does not 
mean that water has no viscosity. Its viscosity is only small For 
treacle, it is very much greater. That is, these terms are used in our 
common language in the relative sense. It should be remembered 
that the gases, as a class, are much less viscous than the liquids, 
while a particular gas may be more viscous than another. 
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Viacotity €md Kinetic Friction. —^They have a good, deal of 
similarity between them though they differ in one important respect 
The lattw is independent of the magnitudfe ' of the relative motion 
of the contacting bodies, while the former is not. The forces due to 
viscosity are proportional to the relative motion upto a velocity, 
called the critical velocity (whose value is fixed for a fluid) accord¬ 
ing to Prof. Osborne Reynolds {vide Art. 236). 


Viscosity may be regarded as Fugitive Elasticity .—A 

liquid may be regarded as capable of exerting and sustaining a certain 
amount of shearing stress (which ih quite small) for a short time after 
wliich the shear breaks down only to appear again. The idea is due to 
Maxwell'. Ho regards viscosity as tlu' limiting 

case of an elastic solid when the material of 7 V / 

the solid breaks down under shear. 11 is from :r-=r‘i: 
this standpoint that viscosity ir> often re- inr'j; 
ferred to as fugitive elasticity. 

22$. Demonstration of Viscosity :— ii.~ T 

(1) For a Liquid .—^Two identical weights ~Wr~ 

are dropped at tlie same time, one into water 
and the other into glycerine (Pig. 125). In zzzrz: 
water the weight descends more quickly 

tljan in glycerine showing tliat the viscous ■ '" > c— . . . V 

drag in glycerine is greater than in water. 'Water GIveerme 


Water Glycerine 

(2) Fora Gas .—A card-board disc (/4) 
suspended from a rigid support by a thread 

attached at its centre is held in air just above but not touching a 
wooden disc (B) as shown in Pig. 126(a). When the disc B is rapidly 

-—j- rotated, the upper disc also is urged into rotiition 

j in the same direction as that of the lower disc. 

This is possible only because air has viscosity, 

226. Stream-line Motion and Turbulent 
Motion :—If the patli of every moving particle 
of a fluid coincides with the line of motion of the 
fluid as a whole [Pig. 126(5), left], the motion is 
^ stream4ine motion. 

If the motion of the particles of a fluid are 

--^ disorderly, i.e. in directions also other than the 

^— line of motion of the fluid as a whole, tlie motion 

IP ^ is said to be turbulent [Pig. 126(6), right). 


In stream-line motion, under a given 
Fig. 126 (a) pressure gradient the flow of a liquid 
through a narrow tube is decided mainly by its 
viscosity , whereas in turbulent motion it is solely governed by its 
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by viscosity. According to Prof. Osborne 



density and very little 
Reynolds the motion 
of a fluid changes 
from stream-line mo¬ 
tion to turbulent- 
motion, if a certain 
vclo<iity, whose value ^ 

is fixed for it for a ^ 

given temperature, called its eriti&al velocity, is exceeded. 




Stream-li/i* motton 


Turbuknt motton 


227. Nature of Flow of a Liquid in some important Cases :— 


(i) Slow Steady Flow of Water in a River. —Slow steady flow 
' here means stream-line motion. In such motion, it is found from flow- 
measurements that the speed of motion is maximum (rm) at the top 
• T. ^ surface of the water in the 

_ -. river and reduces trraduallv 

- -—---- finally to almost zero speed 

" / - 1 --- (^o) at the bottom or bed of 

. the river (Fig. 127). The idea is 
I J'lver tlmt the whole mass of moving 
water may be taken as consist- 
Fig. 127 y ypj.y luigc iiumber of 

thin ]»arallel layers in which each upi)^T layer slides over that below 
it. Because of tlie adhesive forces, the rigid b#"d of the river almost 
I>rcvents the bottom-most layer of the water from moving; this 
almost stationary layer owing to interacting forcc'<, called cohesive 
forces, trios to hold back the layer above it with a force which is less 
than in the previous layer. This layer again tries to lioid back the 
layer above it; all the way up the resistance to motion of a layer 
diminishes. So the speed of motion of the liquid is maximum at 
th(‘ top and reduces downwards. The mechanism of flow as stated 
above shows how viscosity aoluafly acts in determining the type 
of flow. 


(ii) Flow of a Liquid through a Narrow Tube —In stream¬ 
line motion of a liquid through a narrow tube (Fig. 128), the speed 
of flow is maximum {vm) along the axis of the tube and reduces 
gradually radially outwards, 
falling almost to zero at the 
wall of the tube. Here the 
whole cylindrical mass of the 
moving liquid may be thought 
of as consisting of a very 
large number, of successive 
thin cylinders co-axial with the 
tube, the cylinders in contact Pil* 128 
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with the wall being held aimost stationary by adhesive forces jfchile 

each inner cylinder 'Conti¬ 
nually slipping away rela¬ 
tive to the one just outside 
it more and more quickly as 
it nears the axis of the tube. 


228. Determination 
of the^ Co-efficient of 
Viscosity of Water :— 


PoiseuiUe*s Method .— 

A long capillary tube (0), 
say of length /, and internal 
radios r, is ftxcd horizontally 
at a depth /rbelow the level 
The level of watc^r in the 
vessel A is kept constant by the inlet i>ipe M which supplies water 
to it from a raised reservoir and the outlet pipe iV which drains out 
the excess water when the level exceeds its top. If the velocity of 
flow does not exceed the cnUcal velocity, the volume ( V) of water 
coUected at the end of the capillary tube in t seconds will be given 
by the following equation due to Poiseuille, 


M 



Fig. 129 

of water in a large vessel (d) (Fig. 129). 


V — where ’?==eo-eff. of viscosity of water, p=hydrostatic 
atf) 

pressure at the level of^the capillary tube==/«.p.g.,5where p=density 
of water. ^ 


229. Practical Importance of Viscosity :—The nature of 
the viscous resistance offered by sea-water to a ship in motion, that 
of air to a car or aeroplane in motion, etc. arc important factors gov¬ 
erning the design of such crafts. The quality of the fountain pen ink 
depends largely on its viscosity. Viscosity of lubricants in a decisive 
factor in its use. The normal circulation of blood through our veins 
and arteries is dependent on the j^iscosity of the blood. Thus, 
viscosity plays a very important part in various ways. 

230. Properties peculiar to Liquids ;— 

Osmosis. —The process of diffusion is strikingly modified if two 
liquids are separated from each other by certain membranes. The 
following simple experiments will illustrate this fact. 

Expt. /.—A pig^s bladder is filled with alcohol and placed in 
water. The bladder gradually swells in size and finally bursts. Con¬ 
versely, if the bladder is filled with water and placed in alcohol, the 
volume of liquid in the bladder gradually decreases. 
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Expt II ,—Suppose a thistle funnel, 130), has its wide lower 
«nd closed with a parchment paper and is immersed, parchment down, 
into water contained in a bowl. A strong solu¬ 
tion of sugar in water is *pt>ured into the tube 
until the liquids stand at the same level both 
inside and outside. Wait for some time when 
• it will be found that the liquid level in the tube 
rises and stands at some higher level. A Trau- 
be's Copper-ferrocyanide membrane acts better 
than parchment paper as a partition wall in 
similar experiments. 

What happens, in thc'^e experiments as 
H^ollows ; In Expt I, a pig^s bladder is such that 
water moieculos can pass through it while those 
of alcohol cannot. In Expt 11, a parchment 
paper is sucli that*molocules of water can juns 
tlirough it while those t>f sugar cannot. A mem¬ 
brane acting in the above way, ie. transmitting 
one type of molecules while stopping another when used as a 
partition lO'iU bet^^een the two, is cailed a semipermeable membrane 
and the one-way diffusion, that can take place through it, is known 
. osmosis. 



In Expt. II, the water raolecales hit the parchment paper on both 
of its bides, but the number of hitting on the solution .side is smaller 
by the number of the stigar molecules present. The result ou the 
whole is that the water level rises in the tube. 

The excess pressure, at equilibriutn, corresponding to the diBPor- 
cuce in level b between the liquid level inside the tubj and that of 
the water o itside, is called the osmotic pressure of the solute in the 
solvent and depends ou the couoentratiou of the soUitiou and also the 
.temperature I'ho inward difiFusion of the water in Expt tl can be 
stopped, if the solution in the tube .^is subjected to a downward 
pressure, say by a piston ; the pressure, so exerted on the solution 
side just .siillicient to prevent osiudsis, will be a true m 'asuro of the 
osmotic pressure of the solution, for in this case the concentration of 
the solution will not change due to dilution by diffused water. luci- 
deutally, osmotic [iressure is not an absolute pressure exerted by any 
component but is only a difference of pressure which must be main¬ 
tained between two liquids separated by a semi-pirmeable membrane 
such that the escaping tendency of any of them into the other may 
just bo balanced. 

Pleffer, Van^t Hoff, Earl of Berkeley, Hirtley and other made 
important studies on the osmotic pressun^ of a solution, and laws are 
KDOw available from their work, which govern the osmotic pressure, 
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volume and temperatare* of a solution. It is found that the mole¬ 
cules of the solute in a dilute solution behave in a similar way 
as the molecules of a gas. , , 

231, Importance of Osmosis :—Osmosis plays a very vital 
role in plant and animal life ; for, the normal health of our body is 
possible due to the passage of various kinds of body fluids across 
membranoes and tissues of the body. Oxygen of the air which 
we breathe, diffuses into the blood stream by osmosis and is carried 
to the different parts of tlie body. In medical language, solutions 
having tlie same osmotic pressure are said to be isotonic with each 
otlior, while a hypertonic solution and a hypotonic solution respecti¬ 
vely are those which have higher and lower pressures referred to 
some standard solution. All membra rices of the human body are per- ' 
mcable to water and so our body fluid.'^ are all rendered isotonic and 
keep up an almost constant osmotic pressure 

232. Surface Tension :—At any point in the interior of tlm 
mass of a liquid, a molecule is uniformly attracted from all sides by 
the neighbouring molecules. But it is not so in the ease of a mole¬ 
cule near the surface of the liquid. Molecules near the surface are 
pulled more strongly towards tlie interior of the liquid than outwards 
and as a result the surface of a liquid behaves as if it were covered 
with a stretched skin. There exists a tension along the surface of a 
stretched membrane and so the surface of a liquid also is endowed 
with a similar tension, known as the surface tension of the liquid. 
Due to this tension, a liquid surface has always a tendency to contract 
to a minimum area. 

Imagine a line drawn on the surface of a liquid. On account of 
the contractile tendency of the surface, the molecules of the liquid on 
the two opposite sides of the line are pulled 
apart from each other at right angles to the 
line as shown in Fig. 131. Rupture is, how¬ 
ever, prevented by the cohesive forces which 
exist between such molecules and bind them 
together. 

Such a forcst which acts along the sur¬ 
face of a liquid, tending to contract its area 
to a minimum measured per unit length of any straight line ima¬ 
gined to he dr mm m the surface of the liquid, is called the surf am 
tendon of a liquid. 

Surface energy of a liquid .—A stretched membrane, on account 
of its configuration, has potential energy ; the surface of a liquid 
behaves like a stretched membrane and as such it has potential 
eneigy too. It may be shown that the surface tension of a liquid is 
numerically roughly equal to the potential energy of the surface per 
unit area. 
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ConBider a film of a liquid prefaced in rectangular frame ABCD 
[Fig. 131(a)] of which the cross-piece BC (length, L) can be slided 
along the arms AB and DC, 

Since a liquid surface behaves 
like a stretched membrane 
and is contractile, the force 
(F) which tends to diminish 
the area of the surface, 

»=2x(7’xL), where T—the 
surface tension of the liquid, 
the factor 2 comes since the 
film has two surfaces, upper, 
and lower. If the area A BOD 
is extended by pulling BC 
through r as shown in the 
figure, the weyrk required to be done=F. x=2TL. or, and the 
increase in the area=2 > Lx, since the film has two surfaces. So the 
work required to be done in stretching the film per unit area, which 
Is a mcabure of the potential energy per unit area = 2 TLxl2Lx^ 7', the 
s.t, of the liquid- 

This is only an approximate valm* for the energy per unit area ; 
for, if the film temperature is to remain constant, some more energy 
will be necessary to prevent chilling of the film in being so extended. 

233, Effects of Different Factors on the Surface Tension 
of a Liquid: —The surface tension of water at O'C. is about 75 
dynes/cm.; for clean mercury, it is about 430 dyues/ciu. The surface 
tension of a liquid depends on the nature of the medium in contact 
with its surface. The effect is small if the contacting medium is a 
gas. Substances like oil, grease, etc. reduce the surface tension of a 
liquid considerably. It also decreases with the inort ase of tempera¬ 
ture, and probably vanishes at the critical temperature {ride Chapter 
VI, Heat). Surface tension decreases when a liquid is electrified. 
It varies with concentration too. , 

234, Experiments on Surface Tension :— 

(I) A Floating Needle. —^iTake a slightly greased sewing 
needle and carefnllv place it horizontally on the surface of water kept 

in a dish, l^he needle rests in a small 
depression (Fig. 132) in the same way as a 
heavy body would do when placed on a 
sheet of stretched rubber. 

Neglecting adhesion between grease 
and water which is weak, the phenomenon 
may be explained as follows: For the 
needle to sink by breaking tlirough the 
surface (iron being 7‘8 times heavier than 
water), the water molecules must be pulled 
apart. This cannot take place on account 


~W 
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of the large cohesive forces which bind the molecules. What happens 
then is that the surface becomes depressed until the resultant upward 
force (—W) due to the surface tension (r) acting as shown in the 
figure is equal to the downward force ( W*) due to the weight of 
the needle. 

The phenomena of insects walking and running on the surface of 
liquids are also possible due to similar reasons. 

(2) Spreading of Oil on Water. —Take a little oil, mustard 
seed, preferably kerosene, and drop it on water. It is pulled in all 
directions iintiHt spreads over tlie entire surface. This is because 
the surface tension of oil is much less than that of water ; the greater 
tension of the water stretches the oil in all directions. 

Take some (*araphor shavings and simply put them on a water 
surface. They arc smartly turned or moved hither and thither in diftcr- 
eut directions. The fact is that at each pointed end each flake readily 
goes into solution in the water and this reduces the surface tension 
at that end more than at any other, resulting in a motion of the flake. 

(3) Soap-bubble. —Force air into a soap-bubble car(‘fully 
when it will expand. Remove the mouth from the pipe-end, the 
bubble will contract forcing the gas out. Tiiis happens because due 
to surface tension the surface of a liquid behaves as a stretched 
membrane having a tendency to contract. 

(4) Camel Hair Brush Expt. —Dip a camel hair brush into a 

liquid. When the brush is taken out, hairs are all found to be 
drawn together as if the hairs are now*coau-ected by a .stretched 
membrane. • t**! 

235. Spherical Shapes of Li qfuid Drops: —On account of 
surface tension the skin of a liquid tends to contract in area and to 
attain a shape in which the exposed area is minimum for a given 
volume, i.e. it takes on a spherical shape ; for, a sphere has the least 
surface area for a given volume. The effect of gravity on a liquid is 
to make the liquid flat; for, at this,condition the centre of gravity of 
the liquid will be at the lowest. In small masses of liquids, usually 
the effect of the surface tension pucdominates over tliat of gravity, 
while in large masses the effect is thq reverse. The spherical shape 
of soap-bubbles, rain-drops, etc. illustrates the effects of surface 
tension in small masses of liquids, while in tanks and ponds the water 
assumes a flat surface illustrating the effect of gravity. Because of 
its large surface tension, mercury when split on a floor takes on the 
shape of small pellets in defiance of gravity. 

236. Part played by Cohesion and Adhesion : —^Wlien the 
mutual attraction between the molecules of a liquid {eohesion) con¬ 
tained in a vessel is less than their attraction to the sides {adhesion^, 
the liquid wets the side of the vessel as in the case of water in a 
glass-vessel; but if the attraction of adhesion is less than that of 
cohesion, as with mercury in a glass-vessel, the liquid does not wet 
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'glass ; so mercury sprinkled on a glass surface separates out into 
spherical drops, whereas water or oil easily spreads over a glass 
surface. 

237. The Angle of’Contact :—^When a plate is plunged verti¬ 
cally in a liquid, the liquid 
is drawn a little up the wall 
when the liquid wets it, as in 
the case of water, alcohol, 
copper sulphate solution, 

coppi^r ^lolru mrcury ^ 33 ^ 

while the liquid is depressed 
a little when it does not wet the wall as in the case of mercury, etc. 
/{Fig. 133, right). The section of the liqiiid surface near the plate is a 
“'c’OutimiOu.s curvt‘ and is known as the rapillnry curve. Consider a 
point C where the capillary curve meets the solid surface. The angle 
ACB in the liquid, which A(\ the tangent to the capillary curve at (7, 
makes with the solid surface BC, is called the angle of contact 
between the liquid and the solid. It is an acute angle when the liquid 
wets the solid and is obtuse when the liquid does not wet it (Fig. 133). 
The angle of contact of water with glass in air is very small and caiii 
be taken as zero. 



238. Surface Tensions at 20fC.t and Angles of Contact 

C licfttid—glass ) 


Liquid 

S. T. (dynes/cm.) 

Angle of Contact 

Water-air 

73-0 

8" to 9" 

Soap Bolution-air 

30 (approx) 

•ay 

Paraffin oii-aii 

264 

26° 

Mercury-air 

465 0 , 

130°(approx) 


239. Capillarity :—If a glass tube of small bore is dipped in a 
liquid, then, in cases where the liquid wets glass, as in the case with 
water, the internal level of 
the liquid will be higher than 
the level outside | Fig. 134, («)] 
but with mercury, which doe.s 
pot wet glass, the interior 
surface is below the exterior 
surface IFig. 134,(6)]. The sur¬ 
face in the case of water in 
glass is concave upwards, but 
for mercury in glass, it is 
convex upwards. 
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These results are said to be due to what is known as eapillarityy 
which is a consequence of surface tension of the liquid and smallness 
of the bore of the tube. It arises out of the fact that the 
molecular attraction of glass for water, 'i.e. the force of a^esion 
between the solid and the liquid, is greater than the attrac¬ 
tion the force of cohesion) of water for water, and that 
the force of adhesion between glass and mercury is less 
than the force of cohesion between mercury and mercury. The 
elevation or depression of the liquid in the tube is inversely 
proportional to the diameter of the tube; so the capillary 

eifect can be clearly shown only 
in the case of very narrow tubes, 
called capillary tubes. 

The rise of oil in wicks of lamps, 
the hoaking up of ‘ink by blotting 
paper, the retaining of wattr in a 
piece of sponge, the rapid absorp¬ 
tion of liquid by a lump of sugar, 
the wetting of a towel when one (md 
of it is allowed to >.tand in water, 
arc all instances of capillarity. 


240. Height of a Liquid 
{Capillary Rise of the Liquid} 
in a Tube: —Let a capillary tube of 
radius r be dipped into th{‘ liquid 
and the liquid rises in the tube until 
it stands at a height (Fig. 135). The 
surface of the (olumn at the top assumes the shape of a spherical (‘up 
with its (‘oncavity turned upwards. Let th<‘ height of the column be h 
measured from tlic level of the surface of the liquid outsid<‘ tlic tube 
upto tiie lower meni^euh of the cup. Let the angle of contact ( LACB) 
between the liquid and the wall jpe <, A force 2'dnc to siirfa<-e tension 
acts along the tangent to the liquid surface in the direction CA at 
each point of contact (C) of the liquid with the wall. According to 
Newton's third law, this force sots up an equal reaction in the 
opposite direction, as shown by the dotted line. The component of 
this reaction in the vertically upward direction ==!/' cos x. Since 
the liquid surface in the tube makes a circle of contact with the wall 
of the tube, the total vertical force upwards=27rrx(T cos <). This 
force lifts up the liquid in the tube. The mass of the raised liquid in 



the position 


of eqiiilibrmm“{(A+r)wr®“^-l 


where ^—density 


of the liquid. For equilibrium, 
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27!r T 009 

leration due to gravity. 


4 S 

P’ Jrr®(A+ p p. g, where g=°acoe- 


r.p,g.(k+^^^ 
2 cos < 


For water, alcohol, chloroform, etc. <=0, approximately. Neglecting 
r/3 compared to 

approximately.(1) 


241. Jurin*s Law :—The elevation or depression of a liquid in a 
capillary tube is inversely proportional to the radius of the tube at the 
place of contact. This is known as Jurin's Law of capillarity. This 
at once follows from equation (l) above, for T, p and g are constants 
for a given liquid at a given place, «.e. according to Jurin^s Law, 
// X r=constant for a given liquid at a given place. 

For the molecular theory of surface tension, refer to Art. 241(a) 
Additional Volume of this book. 

242. Robert Hooke (1635—1703);—^An Oxonian experimental 
physicist. For some years he was a research assistant to Kobert Boyle. 
He had a remarkable talent at Mechanics and Drawing. Hig.s princi¬ 
pal work in Physics relates to the wave-theory of light, universal 
gravitation, atmospheric pressure, and elasticity of solids. “Ut tensio 
sic ms”—the basic law of elasticity bears his name. We owe to him 
the first balance wheel of the watch. In 1662 when the Royal Society 
was formed he was appointed 
“Curator of Experiments” and be¬ 
came its secretary in 1677. His 
researches cover a wide range of 
subjects but he concentrated on 
few of them. He was tempera¬ 
mentally irritant and made virulent 
attacks on many contemporar;f 
scientists, including Newton, alleg¬ 
ing that many works published by 
them were due to him. 

243. Thomas Young (1773— 

1820):—An English scientist and 
lingui'^t. He successfully deci¬ 
phered many Egyptian inscriptions. 

He studied medicine extensively 
and acted as Professor of Physics 
at the Royal Institution. His main 
works relate to medicine, the wave- Thomaa Young 

iheory of light, contribution to mechanics of solids, and mechanism 
of sight and vision. 
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A 

Questions 


t# 


1. State Hooke’ law and explain what is meaat'by strata, atram, and eot^- 

etant elattieity. Classifv the various types of strain and write down the names 
of the corresponding coefficients of elasticity. (Gau. 1955) 

2. Upon what factors does the stretch of a wire depend ? Can you connect 
them by a law ? What do you mean by elongation, Young's modulus, and 
tensile strength 7 How would you determine Young’s modulus for a steel 
wire ? 

3. Find the- stretching force on a steel wire 2 metres long, i mm. in 
diameter, when it is stretched by 1 mm. 

(Young's modulus for stecl=2 x 10^* dynce/cm.*) 

[Aru.: 7-85 Xl0» dynes.] (G. U. 1957) 

4. A copper wire 2 metre long and 0‘5 mm. in diameter supports a mass oC 
3 kgm. It is stretched 2*38 mm. 

Calculate Young's modulus. (Poona, 1954) 

{Ant.: IZ'bXlO'-^ dyne8./cm.* ] 

5. A force of lOO kgm. is exerted on a piston sliding in a tube filled with 
water. The column of water compressed by the piston is 2 metre long and 1 cm. 
in diameter. How far does the piston move in compressing the water ? 

[iltM. .* 1*22 cm.] 

6. What force is required to stretch a steel wire of 1 sq. ca£ cross>section 
to double its length ? Young’s modulus of 8teel=2 x 1(P-* dynes/cm*. 

(U. P. B. 1942) 

[Ana,: 2X !()*•* dynes] 

Discuss the practicability of the above in the light of the hod-extension graph. 

7. Tell how you may, by the use of Hooke’s Law and a 20 Ibs.-weight 

make the scale for a 32>lbs. spring balance. (C. U. 1936) 

8. A wire of 0 4 cm. diameter is loaded with 25 kgmi.-wt. A length of 

100 cms. is found to be extended to 102 cms. (Calculate the Young's Modulus 
of the wire. (All. 1946 ; C. U. 1953) 

[jdiM; 9X10* dynes per sq. cm] 

9. Calculate the depression of a mercury column in a glass tube whose 
inner diameter is 0 058 cm. 

[-In#.; 1*55 cm.] (s. t. of mercury “=465 dynes/cm.) 

10. How high does water rise in Capillary glass tube whose inner diameter 
is 0*044 cm., if the angle of contact is negligible ? 

[ilM.; 6*7 cm.] (8.t. of water~ 73 dynes/cm.) 



CHAPTER IX 


HYDROSTATICS 

PRESSURE IN LIQUIDS 

244. Hydrostatics : — Hydrostatics deals with liquids at rest 
under the action of forces within them or on the sides of tlie 
containing vessel, and the phenomena that arise out of them. 

A perfect liquid is a substance which has no shape of its own and 
takes up the shape of the containing vessel. It is absolutely 
incompressible and is incapable of ofi'ering any external or internal 
friction. No such liquid, which fulfills the theoretical considerations 
completely, is actually known. But in hydrostatics whenever 
liquid is referred to, it is taken as a perfect liquid. 

245. Liquid Pressure : —A liquid contained in a vessel always 
exerts pressure On the walls and on the bottom of the vessel. The 
existence of liquid pressure can be known from the following simple 
observation. Take a vessel with a hole on its wall and pour some liquid 
onto it. The liquid will flow out through the hole when the former 
reaches the level of the latter. To stop the outflow a thin plate 
if equal area may be put on the hole. 'j’'hc plate will remain at 
rest only when some force from outside is applied to it. This 
shows tliat a liquid exerts pre.ssure on the wall of the container. 

Jets of water that squirt out from water pipes in the municipal 
streets from holes in the pipe walls are due to liquid pressure. 

Pressure at a Point in a Liquid, — Pressure at a point in a 
liquid is the thrust {force) exerted by the liquid per unit area 

surrounding the point. That is, pressure P= - which is the 

totaL area 

same as the force per unit area. » 

Consider a cylindrical columh of liquid of height 
h, the area of cross-scction of the cylinder being A 
(Ifig. 136). The weight of this column of liquid is 
the total thrust upon the base. Therefore the 
total thurst upon the base=A h p where 
p (pronounced VkoO=density of the liquid, and 
^ssacc. duo to gravity at the place. Pressure 

exerted by the liquid column == A* q;^at 

A 

is, the pressure at a point in a liquid is propor^ 

Umal to its depths p and g being constants. 
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(a) PM M tu r e at a 

Depthi^ 

# 


Point in a Liquid depend* on the 
. • 


Experiment —Fig. 137 represents a 
method of showing that in a liquid the 
pressure depends on the depth. Take a 
tall jar having three outlets at different 
depths, the outlets being provided with 
.stop-cocks. Close the stop-cocks and 
fill the jar with water. Quickly open the 
three cocks from which jets of water 
will come out. The jet from the lowest 
cocsk will go the farthest distance, that 
from the highest the smallest distance, while the jet from the inter¬ 
mediate cock an intermediate distance. This is due to th<i pr(‘ssure 
at the levels of those cocks being the greatest, the least and inter¬ 
mediate respectively. That is, the pressure of a li(piid at a point 
depends on the dep^ of the point. 



Fig. 137 




(6) Preeture at any Point in a Liquid .— 

(i) is proportional to the depth, 

(m) is the same at the same level, and 
iiii) is exerted equally in all directions at tlie same level. 


Expt 1 .—A thistle funnel is bent, as sho’wn in Fig. 138, and 
across its mouth a tliin India-rubber membrane is tightly tied witli a 
thread. Coloured water is poured into tlie bend to serve as a mano¬ 
meter (pressure-measurer). Lower the funnel into a deep glass vessel 
filled with water. The increased pressure of the water at greater 
depths acting on the membrane and transmitted by the air in the 
funnel, will be indicated by the drop of 
the liquid column in the short tube and 
rise in the longer one. The difference 
of levels of tlie liquid in the two limbs 
gives the pressure at any depth above 
atmospheric. By low<'nng the funnel at 
different depths, it will be seen that the 
preswre is proportiorml to the depth. Shift 
the funnel to different jjoints at the same 
level. It will be; seen that the level of 
the colouj-ed water does not change which 
shows tliat the pressure at the same level 
is ike same. 

Using thistle funnels bent at right 
angles to different directions as illustrated by the different thistle 
fonnels shown in 3%. 13^ it can be shown that the pressure ts 
hp a liquid m cdl dirrecUons equally at the same level. 
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Expt 2. Take a thistle funnel F [I^. 138(a)]. Close its 
tnouth water-tight with a thin sheet of rubber. Attach a thin rubber 


m 

s s 



tubing R (which should be long) at tlio othf'i* end of the funnel. Take 
a glass tube of narrow bore, and suck in a small poBct t)f a 
<’oloured liquid in it near one of its ends. This end is then (‘ounected 
to the free end of the rubber tubing. Place the glass-tube carefully 
in a horizontal position on a stand having by its side a straight 
scale /S placed edgewise so that tlie position of the liquid pellet can 
be knowd from it. Thus the arrangement will act as a nuinometer 
<prcssure-measiLrer), the pellet serving as index. 


Insert the thistle funnel, face downwards, into a liquid, say 
water, kept in big beaker, or cylinder preferably. The index will 
be seen to move towards the other end of the manometer tube, as tile 
thistle fonnel will be pushed deeper and deeper in the liquid* Thi$ 
shows that the pressure of the liqmd increases with d^ih The 
pressure acting on the membrane compresses the air inside the 
funnel and cwinocted tubing, and the compressed air, iu it^ tuni, 
acting on the index moves the latter outwards. 

If the thistle funnel be moved to different points at the same 
level, the position of the index will remain unchanged, showing 
^egmlity of liquid pressure at ike same depth. 

U 
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If tiie face of the membrane of the thistle funnel be turned to- 
different directions, upwards, downwards, sideways, etc., tlie^ mean 
depth of it being not altered, the index tvfll still remain stationary, 
showmg egwaW/y pressure in all directions at the same 

level* 


246* The Free Smtace of a Liquid at Rest is always 
horizontal If possible let the surface be not horizontal 
(Fig. 139). Consider two points A and B in the liquid at the same 
homontal level vertically below the points A' and E. 


The pressure at A due to the liquid is P+p^Ai, and that at 
B is P-t where p is the density of the liquid, and fei and arc 

die depths of the liipiid at A and B respectively, 
and P, the atmospheric pressure. Since is 
greater than hi, the pressure at B is greater than, 
that at A. So the liquid part’cles will move 
from B towards A and equilibrium will be lost. 
This flow in the direction P to A wUl continue 
as long as the pressures at B and A are not 
equalised. That is, for equilibrium, the pressure 
at B must be equal to that at A and so hi must be 
equal to h^. Since B and A arc on the same 



Fig. 139 


horizontal plane, B and A' must also be on another horizontal plane 
at an upper level. That is, the 
free surface of a liquid at rest 
must be horizontal. 

Hi) From the above princi¬ 
ple it follows also that if a liquid 
be poured into a series of connec¬ 
ted vessels of varied shapes, the 
liquid, when at rest, wiUstahd 
at the same level in all the 
vessels (Pig. 140) So in a 
tea*pot tea stands at the same level in the spout as in the vessel 
itself. This is commonly experessed by saying that in a communica¬ 
ting vessel a liquid finds its own level everywhere. 



Fig. 140 


(wi) If several liquids which do not mix witli one another are 
placed in the same vessel, they ^ will arrange themselves one above 
another in the order of '^eir densities, the heaviest of them being at 
the bottom and the lightest at the top. It will be found that the- 
surface of separation is horizontal between any two of them. 
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In Fig, 140 (a), a tall jar is seen containing three liquids, mercury, 

water and kerosene in steady 
equilibrium. Mercury being the 
heaviest occupies the lowest 
position, and kerosene being the 
lightest occupies the topmost 
position, water going in between. 
That is, liquids at rest con¬ 
tained in a vessel lie in the 
order of decreasing den^iy from 
the bottom upwards^ the surface 
of separation beiueen any two 
of them being always horixoniaU 



247 . Some illustrations 
equilibrium of liquids .— 


of 


Fig. 140(0) 


(1) The Spirit £eve/.~-The 

insti-ument is based on the principle 
explained in Art. 246 and is used test whether a suiSice is 
horizontal or not. It consistb of a slightly curved glass tube jfiUe 
with alcohol, except for a small bubble of 
air, which naturally occupi(‘S th«' highest 
part of the tube (Fig. 141). This glass tube 
is fixed in a brass mount. The air-bubble 
occupies exactly the middle position <.)f tlio 
tube if the instrument is placed on a perfectly 
horizontal suHace, and Ae bubble will move 
to a different position if the surface not 
horizontal • 



Fig. 141—A Spirit Level 


(-2) City Water Supply .—^The principle that water, or any other 
liquid, finds its own level everywhere in connected vessels is appHed 
in supplying water to the different houses of a city. In order that every 
house may have an adequate supply of water at a considerable 
pressure, water obtained from the source of supply, say a river or a 
well, is pumped up by suitable pumps to a large reservoir placed at 
the highest place in the neighbourhood, or on lofty water towers 
specially erected for the purpose. The vmter from the reservoir is 
carried to different sites by means of water-mains and branch- 
pipes, The pressure of the water supply depends upem the vertical 
height—called the **head of water**—of the water surface in the 
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reservoir above the point of supply. Therefore water sppply should 
be available upto a Wght equal to that of the reservoir. la practice, 
however, the water does not rise as high as*the water surface in the 
reservoir. This is due to loss of pressure on account of internal 
friction within the pipes. 


For water supply in Calcutta, water is filtered and stored in tanks 
at a height of about 100 ft. at the Palta station which is about 20 
miles North of Calcutta. As a considerable loss in pressure of the 
water takes place in transit along the pipes, a huge reservoir has 
been erected at a height of about 100 ft. at Tala which is just north 
of the city, where water is again pumped up and stored for distribu¬ 
tion in the city. 


(3) Arteaian Well .—^^'itiiin the oarth^s crust tb^re are layers 
of clay, slate etc. which are impervious to water, and also other layers 
of sand, gravel, etc. which are pervious. These layers are generally 
concave in structure. Whore a porous layer of sand^ etc. Is included 
between two impervious layers, a channel or water-bed is formed 
where rain water percolates and ultimately collects at the bottom 
of the concave bed. There may be similar water-beds at different 
depths of the cnist Some of these beds again may be in communi¬ 
cation with outlying rivers or lakes so that they are like water 
contained in a £7-tube. When a boring is made up to such i7-source, 

water gushes out and rises 
upto the head of the water in 
the sotirce (Fig. 142) In the 
province of Artois in France 
the first well of this ty])e was 
bored and hence the name 
Artesian well. An Artesian 
well 2,000 ft. deep bored in 
the desert of Sahara supplies 



Fig. 142—The Arfcewan Well, 
are known as hot spriogs. 


considerable water even there. 
Wells which give out hot water 


(4) rnhe-foc/Zs.-— The principle, which is utilised in the case 
of a tnbewell, is the same as that of the Artesian well, but iu this 
case, the underground water-beds which are fed by outlying rivers 
and lakes are much less deep. As soon as a boring is mode anywhere 
below the surface of the oarm reaching any of these water-beds, water 
gushes forth upwards with a tendency to find its own level, which is 
the level of rivers, etc. or.some such source whose level is below the 
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earth's surface at the place. A pump is, therefore, generally required 
to raise the water upto the surface of the earth. Thus in a tube«^ell, 
unlike in an Artesian well, the water does not automatically come to 
the surface and so a pump is required. 

Example. N^UeUngiheloBBof prsttur^inti^troMittMleulaU what head af 
water ** neeeeeary to prodstoe a prMeure o/ tOO lb§. per eq. •ndi in the etreet maine. 

1 cu. it. of water weighs 62*5 lbs. For a bead of water 1 ft. high, the 
pressure per sq. foot equals 62*5 lbs. .*. Pressure per sq. inch.=!j^|^0*434 lb. 

To maintain a pressure of 0*434 lb. pet eq. inch, a column of water 
1 foot high is necessary. 

Hence to maintain a pressure of 200 lbs. per tq. inch, the height (head) 
of water nece8satys=-^^=a460*8 ft. (approx.). 

That is, the water in the reservoir should stand 460*8 ft. above the point in 
question. 

248. "the Lateral Preeeute of a Liquid :—A liquid at rest 
exerts pressure on the sides of the containing vessel. This is known 
as lateral pressure. 

Fig. 143 showb a vessel floating on water, having a tubular 
outlet providt'd with a stop-<*oek fitted at 
one side near the bottom. Fill the vessel 
with water and open the stop-eock. Water 
flows out from the tap and the vessel is 
seen to move back-wards, i.e. in a direc¬ 
tion opposite to that of the water jet. This 
18 due to the fact iliat a liquid exerts 
lateral pressure. * 

Explunation —It will be seen sfrom 
the next two articles that the magnitude 
of the lateral pressure depends on the 
depth of the level at which the pressure 
IS considered and acts at right angles to 
any surface in contact. When the liquid is at rest {t>. when the 
slop-cock is not opened), the lateral pressures at the two ends of 
a diameter of tkc vessel at the leveU^ are equal, bul being 

oppositely directed cancel each other, and so the vessel is 
stationary. When the cock is opened, the lateral pressure there 
IS released on account of the water coming out through it. But 
me lateral pressiuro at the opposite end of the wall reiEhaius as before, 
inis unbalanced pressure makes the vessel move opposite to the 
issuing water. 
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M49. 


of a 
wall i 


Thm prettnre 
venel acta in 


of a liquid at any point on the wall 
a direction perpendicular to the 


Expt 2. Take a hollow globe (perforated all 
over) fitted with a syri^^e as shown in Fig. 144. 
Remove the piston, fill the globe and a part of the 
barrel of the syringe with water. Re-insert the 
piston and slowly push it inward when water will be 
found to spurt out radially from the globe {is. in a 
direction perpendicular to the wall of the vessel) 
with equal force. 

This shows that pressure is transmitted equally 
in all directions by a liquid, although the pressure 
is exerted on it in a particular direetion, and, 
on the wall of the containing vessel it acisperpen^ 
dicularly. 

This fact is also shown when the wall of a pipe 
containing a liquid at rest is pierced by a small hole. « 
A thin jot squirts out at right angles to the surface 
of the pipe. 



Fig. 144 


Expt. 2. Take a spherical vessel, as shown in Fig. 144 (n), fitted 

witli several tubular 
outlets distributed 
aU around radially 
directed, each out¬ 
let having a closely- 
fitting piston capable 
of moving outwards 
or inwards. The 
vessel is filled up 
^ with water. Suppose 
' 21 ? oJie of the pistons, 
A, is pushed inwards 
by applying a force 
F. It will be found 
that all the other 
pistons are pushed 
outwards equally. 
This shows that the 
pressure exerted by 
the piston A inwards 
Fig. 144 (a) on the mass of the 

^ier is transmitted by it to all the other pistons in the different 
directions and at right angles to the surface in contact 
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Exampln.'—(I) A plaU 10 maret gguarBU piaeidhorizontatty 1 maffi hthw 
4h$ §urfac€ of wator, when the height ^ the meroury barometer ie 760 mm. What 
vnU be total pneeure on the pkOe t {The deneity of mercury^ J3 6). {0. 17 . 1011) 

1 metres 100 cms.; lOtnetres tqttare»10 metresX10 metres 
mIOCK) coos, x 1000 C0M.^1O* tg. cms. 

The pressure at a point 100 cms. below the surface of water=atmo8phecic 
pressuie+the pressure due to a column of water of height 100 cms.sspiessura 
due to (76x136+100) cms. height of watcreal 133*6X981 dynes C,* Igm. wt.=a981 
-dynes). This is the force exerted on unit area of the plate. 

The total pressure on the plate«1133'6x98lx 10* dynes 

= 1112X101* dynes. 

(2) A U-tube open at one end and closed at the other ie partidUy^Ued 
mercury {denaUy 13 6i The closed end of the tube eontaine eome air and the 

, mercury in the open limb stands 30 cms. higher than it does in the dosed limb. 
Find in eg e units the intensity of pressure of the air in the dosed etui of the tube. 
{Barometric pressure 76 cms.) {0. U, mO) 

The pressure of the enclosed aira= Pressure due to (764-30) cms. of mercury 
• as(106X13*6X981) dvnc8=l*4lX 10* dynes. 

(3) At what depth bdow the surface of water will the pressure be equal to 

two atmospheres, if the atmospheric pressure be 1 megadyne {10* dynes) per sq. om. ? 
{g^ysi emt.lsee.*). (C. U. 1931) 

Let h cms. be the required depth at which the pressure is equal to 2 
megadynes. • 

The pressure due to h cms. height of water**! megadyne10* dynes. 

The pressure due to 1 cm. height of water (t.e., the wt. of 1 c.c. of water) 
esl gm.-wt.«981 dynes. 

The pressure due to h cms. height of waterssh >c 981 dyncawlO* dynes. 

1019*36 cms. 

250. The Preesure at any particular depth depends on 
the depth and does not depend on the shape of the oess^ 

Expt. 1 .—^The area of 
■cross-section of the base of 
all the four vessels B, C, D, 
i Fig. 145) known as PascaVs 
vases is equal, but the vessels 
are of different shapes and 
containing capacities. They 
can be screwed on to a platform 
carried horizontally by a vertical 
stand which is also provided 
with a horizontal pointer inten¬ 
ded to mark tlie level of any 
liquid contained in the screwed 
vase. This stand also supports a 
fulcrum. A plate E atbiched to 
one end of a lever, the middle of 
which rests on the fulcrum, ie 
(pressed against the bottom of 
the vase by adding counterpoi¬ 
sing weights on a scale pan 
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hung from the other end of the lever. Placing a suitable weight 
(IP) on the scale pan, water is poured into the vase unt^ sup¬ 
porting plate £! just yields, and water escapes. Noting the height h 

of the water by the pointer, the experiment is repeated with the other 
vessels* the weight on the scale pan being kept the same in every case. 

It will be found that water begins to escape when it attains the 

same height in every <^e, proving that pressure depends only on the 
depth, and not on the site or shape of the vessel, ie. the pressure is 
independent^ of the quantity of water contained in the vessel, but 
depends only on the depth of the water. The same is true for any 
liquid. 

The fact illustrated in the above expt. is known as the, 

Hydrostatic Paradox. 

Explanation .—^The result appears at first to be puzzling 

but a moments consideration will 
show that there is no real inconsistency. 
Suppose there are two vessels, 
(a) and {b), in Fig.’146 pf different 
shapes and capacities having bases 
of the same area. They are filled with, 
water up to the same level. Though the 
amount of water in the two vessels is 
different, the pressure exerted m the base of the vessel is the same 
in the two cases. 

This is because, the sides of the vessel exert pressure on the 
liquid at right angles to the surface. This pressure is represented by 
P in the two vessels, (o) and (6), and can be resolved into two com¬ 
ponents, V acting vertically and JS acting horizontally. 

Li the vessel (aX which contains a larger quantity of water, alt 
the vertical components like V acting upwards setve to support 
some of the water on the sloping side. In the vessel {b), containing 
a smaller quantity of water, the slope of the side being opposite, the 
vertical componmit Pis acting downwards, which is transmitted 
to the base. Due to this, the total pressure on tlie base of vessel 
is the same as that of vessel (a) and is equal to that of a vessel 
having vertical sides of equal height. This explains that ike pressure 
depettds only on ike depth and not on the shape or sixe of 
the vessel. 

Expt. That the pressure of a liquid at a point depends on 
the depth of the point and not on the shape of the vessel 
OcfOlain^the liquid is also shown by the following simple and 
ii^ii»?eBtmg experimeni~-the burstitig of a cask. 
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A dtout cask A {Fig. 147) is completely filled with wster. The 
quantity of water in the cask is quite large but the cask does 
not bux^. A long narrow tube T is then 
fixed vertically througli the top of the 
cask and water is gradually poured into 
the tube when the pressure of water inside 
the cask increases gradually with the !rise 
of the level of water in the tube ; when 
the level reaches a certain hci{;^t the 
pressure inside becomes «o great that the 
cask bursts though the actual quantity of 
water added is very small. 

This experiment was first carried out 
by Blaihe Pascal (1623-1662) taking water 
in a narrow tube about 30 ft. high. The 
pressure exerted by such a column of 
water at a level near the bottom of the 
cask will bo about 16 lbs/in®. This 
pressure will be transmitted in all directions 
at the same leyel with equal force and 
acting per|)endiculixrly to eiieh sq. inch 

area of the inside wall of the cask may be sufficient to burst the 
cask, if the same is not sufficiently strongly built. 

251. The upwetrd pressure at any depth in a liquid 
ie eqnaf to the downward pressure :— 

Expt —Take a glass cylinder with both ends oi>en. A thin disc 
of tin is held tightly against the lower end by a string passing throu^ 
its centre (Fig. 148). On lowering the whole into water and loosening 
the string, it will be found that the tin disc does not fall. This is due to 
the vertical upward thrust exerted by the water underneath the disc. 

Now, carefully pour water inside the cylinder and note 
that the disc remains in its place so long as the level of water 
inside is less than ,that at the outside, but the disc 
falls down by its own weight when the level of 
water inside and outside the cylinder is the same. 

This prov^ that ihe upward pressure^ or the 
httovoncfft at any depths i$ equal to ihe doumward 

FascuPs Law : — The pressure exerted 
anywhere in a man of confined liquid *« transmit¬ 
ted nndiminished in ail directions throuyfmU the 
mass so as to act uith equal force on &xsry unit 
area of the containing vessel in a direkion k 
right angles to ihe surfewe of ihe vessel exposed 
to the liquid, 

Expt, 1 —Tak^ a stUut glass fiask fitted with a 
closely fitted piston at the neck. Tkcte ate four 
fit‘ 148 tubes, bent upwards and attached to the 
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shown in Fig, 149. Put s little mercury into ihc bend of each of' 
these tul:^. Then each of these tubes serves as a manometer 
(or pressure-measurer). . • 

Remove the piston and fill the flask with water, and then apply 
pressure by re-inserting the piston. The pressure is transmitted in 
all directions. 

m 

On pushing the piston, the mercury will be seen to rise to the 
same height in all the tubes showing that the pressure exerted is the 
same in every case. 

If each o£ the openings ha^ got the same 
area, then the total force exerted {i.6. pressure X area) 
will also be equal in every case. If the area 
of one of the openings be twice that of another, 
the total force (here total {orcc=2x area X press.) 
exerted there will also be twice, but the pressure, 
i.e> the force per unit area will be the same and 
so the manometer will indicate the same difference 
of level. V 

Expt. 2. Refer to the experiment described in 
Art 249 as Expt. 2. Suppose the piston A is of unit 
Cross-section and the other pistons R, 0, B have 
sectional areas of 2, 3, and 4 units. It will be found 
that when a for^ F is applied on the piston A 
Fig. 149 pushing it inwards, forces of magnitude 2F, 3F 
and 4^^111 be required to Ifcop the pistons, R, (7, and Rfrom 
being pushed outwards. This shows that the force exerted by A 
in a given direction is transmitted with equal force per unit area 
in the different directions in which the pistons R, C, and B are 
situated, and so the expt. verifies Pascal's law. 

^253. The Principle of Multiplication of Force : —Con- 
ipAeiv two cylinders A and B (Fig. 150) of different areas fitted with 
piatons and communicating with each other through a pipe. Now, if a 
pre€S8ure (P) be applied on the piston in A, an equal pressure (R) will 
he transmitted to the pistons in R. Remember that it is the pressure 
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' iffhieh is iraintmiited and not the total forU. The pressure is the 
force per unit area. Hence the areas 
of the pistons must be taken into 
account in considering *tlie transmit¬ 
ted force. ^ every unit area of the 
piston in B will be pressed upwards 
with the same force as exerted on a 
unit area of the piston in A. 

Thus, if the diameter of B is four 
times the diameter of Ay the area of 
(M oas-scction (assumed circular in the 
two casoK) of B will be sixteen times 
that of A. The pressure on the piston 
in B will be the same as that applied 
by the piston in J, but since die total 
force is the proihiet of pressure and 
area, the upward force (110 on the 
platform will be sixteen times the Fig. 150 

force Oil the piston in A, or, in other 

words, if '<^nnd ^ be the areas of the small and large pistons respec¬ 
tively, and t the force applied by the i)iston in A, then the force F on 

the pistoq in B will bo given by, F= ^ x ^ 

^ The Hydraulic Frees (Bramah*s Press) : —A schema¬ 

tic diagram of the hydraulic press is shown in Fig. 151. 

Construction. —^The machine essentially consists of two parts, 
a water pump whose piston Q works in a narrow metallic 
cylinder A and a thick ram R acting as a piston in a wide cylinder 
J9, the two cylinders being connect^ by a stoat metallic tube D. 
The strength of the cylinders to stand large internal pressures is 
usually increased by shaping the bases hemispherically but not shown 
in ^t way in the figure. The piston Q is connected to some point 
K in the middle of a lever L by which it is worked. The lever has 
its fulcrum at one end F and at the ofher end of it an effort Pi is 
applied. A valve V i separates* the cylinder A from a small tanJk T 
which is almost full of water. It allows only an one-way passage of 
the water from the tank to the cylinder. Another one-way valve Fj 
opening from the side of the cylinder A towards the cylinder B 
separates the latter cylinder from the former. On account of this 
valve water cannot flow back from cylinder B to cylinder A. The 
top of the ram R forms a platform on which any material inttended 
for compression is placed and, as tlie ram is raised upwards, the 
material is ^ compressed against a fixed girder 0 which is supported 
on strong pillars. 

To raise the ram R which is the pressure-piston, the pump-piston 
Q is worked up and down a number* of times by the help of the lever 
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conneotedrto it. As the material is compressed, the pressure of water 
within the machine increases and so, to prevent damage to the machine 
on account of excessive pressure a safety v^ve Ts is fitted in tiie 
tube D which connects me cylinder 4 to the cylinder B. This blows 
off when the internal pressure exceeds a certain limiting value, 
wherebylsome water escapes and the pressure drops down to the 
normal 

In order that the ram R may again return to its normal position 
by its own weight after a compression is over, there is an arrangement 
of a side-tube H ccmneoting the pipe D to the tank T and the side 
tube is provided with a stop-cock {C) by opening which the water 
from the cylinder B can be made to pass back into the tank. To 
make the ram R work water-tight, a leather packing J, shown also 
separately as (a) at the top of 151, having the form of an in- 



Fig. 151 —A Hydtaultc Ptese. 


verted cup is so inserted around the piston in an annular recess in 
the body of the cylinder B that water, when under pressure, 
passes into the annular space inside the cup. Consequently, the 
greater the water pressure ’the tighter the water presses against 
Sie ram R and the better becomes the joint. To make the leather 
impervious to water, it is previously soaked in oil. A similar packing 
may also be used around the smaller piston Q. Such packing to 
the joint water-tight, which may be made in some other ways 
aa 1^1, now-a-daySf was first devised by the engineer Bramah and 
|Mi%ss is sometimes called aftear him. 
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PrincipU of Action —^The principle of multiplication of force 
(inherent in Pascal^s law) by transmission of fluid pressure is need 
in the hydraulic press. Ad the piston Q is raised by tibe lever JS, the 
pressure inside ihe cylinder A decreases and so water enters into it 
from the tank T by lifring the valve Fj. During the down- 
stroke when the piston is lowerodf the pressure inside increases and 
closes the valve Fi and the water is forced into the cylinder B 
through tiie connecting pipe D lifting the valve Fg, That is, during 
an up-stroke a quantity of water is drawn inside the cylinder A and 
during the following down-stroke the water is forced into the 
cylinder H. The thrust generated on the piston Q due to any small 
eifort applied at the free end of the lever is transmitted to the water 
Hn B and produces on the ram i2 a huge upward tiirust which is as 
many times larger as the cross-section of R is greater than that of Q. 


Suppose Pi fs the effort applied at the free end of the lever at a 
distance T from the fulcrum P, and P 2 , the thrust generated on tiie 
piston Q which is distant^ say, JT from the fnlcnira. Let the cross- 
sections of Q and P be < and ^ respectively. Then for the lever, 


• * P Y 

tlie mechanical advantage, w=the force i-atio, v. * 

Pi jl 

y 

That is Pg, the thrust generated.on the piston i-XPi 


( 1 ) 


The pressure exerted on the water “Pg/^t. This pressure is trans¬ 
mitted undiminished throughout the water across any surface exposed 
to the liquid, according to Pascals law. This will, therefore, cause 
an upward thrust P 3 on the ram E given by, 

p,=-P» x/3=P,x •• (2) 

< As. 


“effort at lever X mechanical advantage of lever x 


cro ss-section o f ram 
cross-section of piston 


Mechanical Advantage of the machine as a whole — 


thrust g<*iicrated ^ ^ 

effort applied Pi X < 


from ( 2 ) 


“mechanical*advantagc of lever x 


cro^-section^ of r am 
cross-section of piston 




Principle of Conservation of Energy applied to the 
Machine —If the ram is raised ’throu^ a vertical distance 
and tiie piston in A pushed down through then 

X X since the decrease of volume of water in is equal 
tp the increase in volume of the water In P, assuming -Water to be 
incompressible* 
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Sot i but ^/«c=P 3 /P 2 , accordiag to Pascal^s law; that 

is Ps XigJaspgXZg. 

In other words, work done by the ram, (P 3 x l^) 

=swork done (P 2 x^h) on the smaller piston 

=^PiX^^X/ 2 , from ( 1 ), ~Pi x^^~Pj X 

from the geometry of the lever, where /i is the vertical distance 
through which the point of application of the effort Pi is pushed 
down 

s=work done on the lever. 

Thus,’ the principle of conservation of energy is obeyed by the 
machine, as it must. So no gain of work is envisaged. 

Pa is greater than Pi * in a ratio in which li is greater than ^ 3 . 
This is sometimes expressed in popular language as “What is gained 
in power is lost in speed." More accurately this fact may be 
stated as “Mechanical advantage is always gained at a proportionate 
diminution of speed". 

Example .—^ Bramah Prtu has a piston whose eross-seetion is 144 sq. «n. The 
tross-seetwn of the pump is S sq «n. The shorter arm oj the lever working tlw pump 
is 1 jooA and the longer one%s 4Sset in length Caleulate the total force obwntd 
loften an effort of 17S tbs. is applied to the end of the longer arm. (Q. V. 1949) 


By the pimciple of the lever, we have 175X4 = PjXl, where P* » the weight 


, where Pj u the total force. 


or load, or resistance of the pump ; Pg** —lbs. 

That IS, the pressure has been increased from 175 to 
700 lbs. 

Now. according to the principle of the hydraulic pres*, 
P 144 

we have ^qq®* 2 ’ ** force. 

>. ''*^*50.400 lbs..wt. 

Hydrostatic Bellouis ;—Fig. 152 represents 
an apparaiais known as the hydrostatic hello ns. This 
is another example of the multiplication of force by 
the transmission of fluid pressure. 


The apparatus consists of a stout leather bellows 
attached to a long narrow vertical tube. The leather 
bladder and a part of the tube are filled with water. 
A heavy weight placed on the platform of the bladder 
’Bull be Supported simply by the weight of the column 
of water in the attached narrow tube. 



A man standing on the platform can also be p,g. 152 .-. 

balanoed in the above way, if tube is sufliciently Hydrostatic 

longi and ihe area of 4ie platform adequate. This Bellowa. 
joaay appear quite paradoxial considering the heavy weight of a 
mglu balanced oy the weight of a narrow column of water of 
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small quantity. But it can be easily explained by the principle of 
multiplication of force. . , 


Suppose the vertical tube is 2 metres long and the area of the 
platform of the bellows is about 500 sq, cm.; then since the pressure 
that can be exerted by a column of water 200 cms. high is 200 gms.* 
wt» the upward thrust on the platform of the bellows by the principle 
of multiplication of force, wiU be 500x200=100 kgms.-wt. which 
is sufficient to balance the weight of an average man. 


256. Other Examples of PascaVs Principle s —Another ex¬ 
ample of the PascaVs principle is the hydraulic lift which is 

t.now-a-days commonly seen in big towns in automobile fcpairing 
stations by which automobiles are lifted up to a suitable height 
above the ground level for the convenience of the repairing workers. 
The hydraulic c£airs used by the Dentists also work on the same 
principle. 

257. Blaise Pascal (1623—^1662).—A French mathematician, 
physicist aqd religious thinker. He ranks with Galileo and Stevin 
as one of the founders of the Science of Hydrostatics, Hydrodynamics 
and Pneumatics. He is one of thos<3 great men who showed signs of 
uncommon scientifio powers in early childhood. He is a successor of 
Galileo, a contemporary of Torricelli and a forerunner of Guericke 
in establishing the connection between atmosi)heric pi*essure and the 
weight of air. At the age of twelve he bcgsin to master Euclid and 
at sixteen wrote eighteen cs.says on Conic Sectiom which are of 
permanent value. He was a teacher of mathematics in a Polytechnic 
School where he investigated the properties of fluids. In 1646 he 
established the Law of fluid pressures known as the PascaVs Law, 
and invented the Hydraulic press. It is said that he only applied in 
a now way here what Btevin had pr(‘vit>usly discovered. After the 
discovery of the atmospheric pressure by Torricelli, it appeared to 
him that it is actually the weight of the air that exerts the pressure 
and holds up the mercury I'olumn. Sd he undertook experiments to 
prove the same and in 1648 proved beyond doubt that the pressure 
diminishes as we go upwards in the air-occan just as it does 
in the case of a liquid, which also Stevin had stated earlier. 
That Torricelli’s mercury column is not drawn up by ^the vacuum* 
as Aristotle thought but is pushed up by the weight of air, as already 
demonstrated by Galileo, was confirmed finally as a result of PascaVs 
work. He was the first to make a thrilling demonstration of the fact 
that a narrow vertical column of water contained in a long tube fixed 
to the top of a wooden barrel can exert so mneh pressure on its walls 
that tiie barrel may burst. At that time it was called a paradox. 
The hydrostatic Imllows (Art, 255) is based on this pnnciple. He 
devoted the last ten years of his short life to religious tliinkiug and 
died at the age of thirty-nine at Paris. 









Qtiestto&ft 

L If ov would you prove eiuerimentally tbot a liquid eneti pteieui* in 
all ditvcriotu ? <C U 19U, 'H ’27) 

8L Tbe dcaaity of sea'V’acer u 1*025* Find the preaiure at the depth of 
10 It. helow the aurfaec in pounds per square foot, given that one cuhit foot 
of water weighs 62 5 lbs. (C. U. 1927) 

t 6406^ lbs. per sq. ft] 

3. Define intensity of pressure at a point in a liquid. Prove that the 
dtCerence of pressure P between the surface of a liquid and a point in the 
liquid a cms. below tbe surface is given by Fssg. d. s., when d is the density 
of the liquid and ff is the acceleration due to gravity. 

(C. a 1910; Pat. 1938; of. M. U. 1950; Anna. U. 1951; «/. Gau. 1955) 

CHiats.~laten8ity of pressure at a point is the force pec unit area ^ 
surrounding that point. If p be the atmospheric pressure, l.e. force of air 
'exerted on unit atea, then the force due to the atmosphere on an'.area A 
'Of liquid surfaceA. The force due to the liquid cblumn of the same 
atea A and heights cms.»Apia Total force on an area A in the liquid a 

cms. below the surface—pA+Apda. 

The force on unit area s pressure sp-i>g.d.a, and tbe pceasute on the 
surface ^ 

A The difference of pressure P«(p+gde) -p. —g.d zj 

4. State Pascal's law regarding the trsnsmiasion of pressure in a liquid and 

define intensity of pressure at a point in a liquid. (Gau. 1955) 

5. A rectangular tank 6 it. deep, 8 ft. broad and 10 ft. long is filled with 

water. Calculate tbe thrust on each of the sides and on the base (1 cu. ft. 
of water weight &2‘5 lbs.) (Pat. 1929) 

(Ams. : On the base—960,000 poundali, on each of the ihorter sides *288,000 
poundals ; on each of the longer sides=360,000 poundals. 


6. What is the total force on a submerged rectangular area 12X16 cm. when 
it is inclined at 30° to the horizontal and its upper edge of 12 cm. is 20 cm. 
below the surface of water in a jar. 

CAne i 4*5X 10* dynes.] 


7, A tall vessel, provided with, a tap at the side near the bottom is filled 
with water and made to float upright on a thick plate of cork. Explain what 
will happen when the tap is opened^, (C. U. 1914) 


8. The neck and bottom of a bottl^t are i in. and 4 in. in diameter respec¬ 
tively. If, when the bottle is full of oil, the cork in the nedc is pressed in 
with a force of 1 lb.*wt., what force is exerted on the bottom of the bottle 7 


[Afie.64 Ibs.-wt.} 


(Pat. 1944) 


9. Draw a neat diagram of the hydraulic press, and give a brief desptiption 
of it with an explanation of its action, 

(Dac. 1934; Gau. 1949; C. U. 1950; Del. 1951; Pat, 1952; Utkal, 1954 1 

Vis. U, 1955) 

What is the mechanical advantage in such a meebine ? Does it violate tbe 
principle of coniervation of energy ? Justify your statement. (G. U. 1949) 

< 10. Xn a Bramah's press, the areas of the two plungers axe | sq. inch and 

ixuk respectively. The pump-plunger is wocked by e lever whose 
irmt tte 2 inches arid 28 indres. U the end of the lever is raised and 
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%§weted by 1 foot at every etteke. find the aniaber of ■txokee xenniced to laise 
ithepress-plunjetbylinch. ^ (Utkel.S5J) 

[-dne ,: 140/3 times.] 

11. State Pascal’s principle of transmission of fluid pressure and apidy it 
to secure multiplication of foici.. 

De'.ctibe e Bramah’s Pteia with a neat diagram. What is the mechanical 
advantage in auch a machine “> (C, U. 1957) 

12. A force of 50 kgms. is a pplied to the smallex piston of a hydraulic machine. 

Neglecting friction, fand the force exerted on the large piston, the diameters of 
the mstons being 2 and 10 cms. respectively, (Pat. 1922 j P, Uf. 1925) 

[dna ; 1250 Kgms.-wr ] 

,13 The area of the small piston of a Hydraulic Press is one sq ft, and that 
of the large piston twenty sg ft How much wt can be raised on the large 
piston by a force of 200 lbs. acting on the amall piston ? f C. U. 1946) 

XAnt.: 4,000 lbs.] - 


^ CHAPTER X 

/y^ ARCHIMEDES* PRINCIPLE 

\/\^58. ArchimedeB* Principle A body, immersed partly or 
wholly in a Iluid at rest, appears io lo>e a part of its weighty the 
apparent loss being equal io the weight of the fluid displaced. 

Verification .—The above principle can be veritied in the case 
of a liquid by a Mydrostatic balauf'Cy which i& simply an ordinary 
balance by which the weight of a body immersed in a liquid can be 
conveniently measured. (In a special form of this balance, the 
suspending frame of the left-hand pan is shorter than that of the 
other pan. This pan has a hook attached to its bottom. The body 
to be weighed is hung from the hook) A wooden Bridge C (Pig. 153) 
is placed on the floor across the left-hand pan of the balance in order 
that a beaker containing a liquid may be placed on it and the body 
to be weighed is hung into the liquid contained m this beaker. 

Expt .—^A solid metal cylinder, A, is suspended from a hook fixed 
at the bottom of a hollow cylinder or bucket (B) 
into which the solid cylinder (J) exactly fits. So 
the internal volume of the bucket is the same as 
the volume of the solid cylinder. The* whole thing 
is suspended from the left-hand arm of tlie balance 
and counterpoised. The solid cj[lind!br is theu 
totally immersed in the liquid cont«mi*d in a beaker 
D which rests on a small wooden bridge C placed 
across the left-hand pan free from it, when the 
ordinary form of the hydrostatic balance is used 
ak shown in the figure. The equilibrium is now dis¬ 
turbed as the solid cylinder, now immersed in 
water, has lost a part of its* weight due to the 
upward thrust, f.e, the bttoyancy of the water. 

Now fill the bucket B completely with the 
liquid and the balance will be restored again, 
showing that the solid cyUnder lost a part cl its 
weis^t equal to the wei^t of its own yobtme of the 

15 



Bg, 153 
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liquid (wMoh is the stuiie as the weight of the displaced liquid); 
in other words, the upward thrust on the cylinder is equal to the 
weight of the liquid displaced by %t. 

This verifies the principle of Archimedes iu the case of a liquid. 
For verification in the case of a gas, see Art. 262. 

Apparant Loss —It should be noted that the loss in weight of 
the cylinder A is only an apparent one and not triw, for really the 
beaker with die liquid in it together with die cylinder placed on the 
scale-pan would weigh the same whether the cylinder is placed outside 
or inside the liquid in the beaker as explained in the case (2) on 
downward thriist {vide Art. 265) When the cylinder is inside the liquid, 
it experieneea an upward thrust exerted by the liquid (causing the 
apparent loss of weight), which tends to raise the arm to the balance, 
and the cylinder in turn exerts at the same time a reaction which is 
downward force of equal magnitude on the liquid (according to 
Newton's Third Law of Motion). Thus the balanoc is not disturbed. 

2S9- Buoyancy .•—The buoyancy of a fluid may be defined as 
the resultant upward thrust experienced by a body when immersed in 
the fluid. When standing or lying in water, you must have noticed 
that water tends to raise you or buoy you up. The result of this buoy¬ 
ancy of water can also be observed, if a load pencil (or any other 
thing which floats) is pushed into water and then let go, when the 
solid will be seen to float up through the water. 

Theormtical Proof of the Value of Buoyancy. —Consider a 
solid rectangular block A BCD inside a liquid (Fig. 154). The liquid 
presses on the block all over. The horizontal pressures 
, p on the two pairs of opposite vertical surfaces oquntor- 
a.ct each other as they are of equal magnitude and 
f correspondingly act in the same horizontal line. The 

surface ABvs pressed downwards by the weight 
of the column of liquid AEFB. The bottom surface 
CD, which is at a depth oF below the surface, is pres¬ 
sed upwards by the weight of the column of liquid 
JBDCF. It is clear that the upward force exceeds 

Fig. 154 the downward force by the weight of the column of 
Uquid ADOB; which is the quantity of liquid displaced by the block, 
tje, Ae upward thrust exerted by the liquid is equal to the weight 
of the displaced liquid. 

Mathematical Proof. —I^et FA and FD, i.e. the depths of AB 
and CD=>»h and h' reepfectively ; area of the faces AB and CD — A ; 
density of ilie liquid *= d ; acceleration due to gravity 

.*. The total downward force on the face AB=Ahdg ; 
and total force on CD acting vertically up wards Ahldg. 

The resultant thrust on the block exerted by the liquid acting 
vertically vpwards=^A[h'"^h^dg. BvLtA{h'—h) is the volume 
blo<^ ; BO tbe resnliant upward thrust is equal to the weight of the 
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volume of the liquid displaced by the block? This upward thrust is 
called the buoyancy of the liquid. 

Besides the buoyancy,^ there is another force acting on the body, 
which‘is the weight of the body acting vertically downwards. If Tf^be 
this weight, the resultant force acting on the body is { IF-- h)ffgj; 
that is, on account of immersion the body loaes a part of its ueight 
equal to the weight of the liquid displaced by it. 

Practical AppUcatione of Archimedes* Principle :— 

Determination of Volume of a Solid. —^The volume * of 
a solid of any shape (which is heavier than and insoluble in water) 
Can be easily determined by the following method. Let the wt. of the 
body in air~ Wi gm. Let its wt when suspended in water with a 
, hydrostatic balance (Fig 153)= IV 2 gm. Loss of wt. in' water= 
IFi-ir 2 =wt of water disjilaccd. The volume of this displaced 
water is equal to the volume of the solid. 

Now the vofumc of (Wi - 1 ^ 2 ) gm. of watcr=(TFi - W 2 )ld c c., 
where d gm. per c.o., is the density of the water taken. 

Volume of the body=( IFi - ir 2 )/flf c.c. If the weights are 
given in pounds, the volume of the body==( IFi - b cu. ft, as 

the density* of w^ter is 62'5 lbs. per eu. ft 

(2) Determination of Density of a Solid. —^As density 

is mass per unit volume, density of the solid=-51-— = Wi -r 

volume 


TF,-Tr2__ WyXd _ TFi 
d PFj-W2 


gm. per e.c. (taking the density of 

- • t ■ A - - *• 

water in C.G.S, units). In F.P.S. units, the density of the solid= 


X C2’5 lbs. per cu. ft * 

Ir 1 — rr 2 

261. History ;—The principle of Archimedes is also known as 
the law of buoyancy. It was discovered by Archimedes (287—212 
B.C.), a celebrated mathematician and philosopher born at Syracuse 
iu Sicily. The story of Hicro's crown in connection with the dis¬ 
covery of this law has been very welj known. Hiero, the king of 
Syracuse, wished to be certain that the crown made for him was 
of pure gold, and he asked Al'chimedcs to ascertain this. The 
job was not an easy one, for the crown must not in any way be 
damaged. Archimedes was puzzled at first but one day while he 
was taking his bath in a tub of water, he felt a loss of weight of 
his body and the idea crossed his mind that a body immeised in a 
liquid loses a part of its weight Subsequently, he found that the 
loss of weight is equal to the weight of the displaced liquid. This 
enabled him to find the volume of the crown and therefrom the 
density of the material. It is so said that from the tub of water 
he jumped up in ecstasy of joy and rushed out into the street, 
naked, crying Eureka 1 Eureka P, ie. I have found out, I have 


found out 
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262, Th€ PrinctpUof Arehimede$ U also true for Coees 

- A body will 3!^parently weigh loss in air than it would in 
vacuo, for the air exerts an iipwai’d thnist equal to the weight of the 
displaced air ; but the weight of tlie displaced air is so small diat 
ordiwily the loss in weight is not taken into account 

£xpt —^That air, or any other gas, ex(’rts an upward thrust on a 
body immersed in it can be demonstrated by the baroscope (Fig. 165), 
The arrangement is as follows : A large sphere of cork {M) is 

suspended from one arm of a small balan¬ 
ce and is equipoised by brass wts. (IT) 
placed on the other arm. The whole 
system is then placed under the reciever 
JJR of an air-pump. On drawing out air 
from within the receiver by means of a 
pump, the arm carrying the cork sphere is 
seen to sink down. The (*v>rk sphere owing 
to its larger volume displaces a greater 
volunu' of air than the brass pieces do and 
so the up thrust or the buoyancy of air, 
is also greater for tlie corL sphere. As the 
apparent wts, of both in air arc* the same 
while the buoyancy on the cork sphere is 
greater, the true wt. of the cork sphere 
must bo greater. That is wliy, in the 
absenof* of air, the cork sphere sinks down. 
If, however, the two are equipoised first in vaenum and then air is 
introduced, the cork will go up and the u eights sink down. 

263. True Weight of a body : Buoyancy Cortection ; —In 

very accurate weighings it is necessary to take account of the air 
displaced by the body in order to reduce the weighing to vacuum. 

Let W =truc wt. of the body, i.e. its weight in vacuum ; 
TFi^true wt of the c/)iinterpoising weights ; 
d = density of the body ; di—density of the material of 
the wts; 

P “density of air. 

Then the volume of the body == W(d, and the volume of the count- 
terpoising wts.“ IFj/rfj. So the wt. of the air displaced by the body 
“p. Wld^ and that by tibe wtsi.^p.Wild]. 

Hence, for equilibrium, we have, 

W-p. Wjd^Wi-p. W^ldi ; 

WW w-w, (irgL + 

since p is small in comparison with dot di, 

Bxample.—The wt. of ^ body in alt ii BO’S gme. The deniity of the bodi> 

Is 0*76 ii&,/c.Cn that btsts wtfi. is 8‘4 sms./cc,, and that of sit la 0'001293 
gM>(c.c, Calculate the true wt. of ths body. 
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ir=irj+irv(> (J-^) 

=30-5+30-5 x 0001293 { ^- 5 * 4 ) 

=30 54704 gma. nvi-mA 

Hence the true wt. w greater than the apparent wt. by 0 04704 gma. 

2S4, Which is hecafier, a lb. of Cotton or a fh. of ~ 

Prima fncie^ one would bo inclined to think that a lb. ox both shoula 
be equally heavy. But one should remembe r that a lb. of 
occupies, owing to lower d<‘nsity, a ninch larger volume than a lb. of 
lead and so the buoyancy of air on the fonner is much gi'cater. As 
a result tlic foniuT suflers a greater loss of weight in air. ho, tA 
apparent wtighis in atr are equal, the true weight of a lb. of cotton, 
f.e. in vacmuni, is bound to he greater than that of lead. If their true 
weights, i.e. wei^its in vacuum, are one lb. each, a lb. of <' 0 tton wUl 
weigh less in air than a Ib. of h'ad. 

265* Two Interesting Cases on Downward Thmst —ihe 
following interesting easels shotild bo noted earofully rt‘garding the 
downward,thnigPt on a liquid by au iinmci'sed 
body :— 

(1) A beaker eontaiuing wat(‘r full) is pla¬ 
ced on one pan of a balanei' and counterpoibcd 
(Fig. 16(i). Now a body h of known volume, say 

suspended by a thread from an ext<‘rnal sup¬ 
port {not from the baianee ))e:mi), i& allowed to 
sink into the water. What«Ifeet has this on the 
balance ? 

It will be found that the arm of the beam on 
the side of this pan will be tilted down. To 
restore balance, the weight on the oUier pan will 
have to be increased by /' gtn. 

The body is held by the support, and its weight cannot add any 
weight to the side. Why is the side wi'ightcd niore then ? The 
phenomenon, though parudoxial, ean»be explained thus. The body 
when dipped in water i‘xperlen«es an upward thrust equal to the 
weight of the wat(‘r displm'od by it (e gm.}. .Iccordiug to Newtou^a 
third law ot motion, the body in its turn exiTts an equal (r gm.-wk) 
and opposite force (reaction of buoyancy) on the water contained in 
the beaki'r. This latter force accounts for the' excess weight res¬ 
ponsible for the tilting down of tlie arm. This excess weight is 
f>gms.-wt.; so an equal weight added on the other pan restores 
the baianee 

(2) A beaker containing water is placed on the left pan of a 
balance and a body is also placed on tin' same pan outside the beaker 
and the two are counterpoised. Now the body is suspended from the 
left hook of the balance and is allowed to sink into the water. It will 
be found lhat equilibrium will not be disturbed in this case, "liie 
phenomenon appears puaabng, for the natural ezpeoiation is that 
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the body being immersed in water will lose some weight due to 
which the equilibrium should be disturbed. But a litde reflection will 
show that the explanation of the result is simple. The reaction of the 
buoyancy, which is equal and opposite to the buoyancy, acts on the 
water downwards. The total weight on this side therefore remains 
the same, the buoyancy and its reaction cancelling each other^s 
effects being equal in magnitude but opposite in direction. So the 
equilil^um cannot be disturbed. 

sj^6. Immersed and Floating Bodies :— 

Let W represent the weight of a body immersed in a liquid. It 
will displace its own volume of the liquid of weight, say, W\ 

Then iV' is the upward thrust or buoyancy, which will act in 
opposite direction to W which is acting downwards 

(1) If IV>- W\ the body will sink. 

( 2 ) If IF', the body will float being wholly immersed any¬ 
where in the liquid. 

( 3 ) If W< the body will float being partly immersed in the 
liquid ; the weight of the displaced liquid, in this case, wijl be equal 
to the weight of the whole body ; that is, 

a body floats when the weight of the displaced liquid 
y*/ =the weight of the body. 


x6T. Conditions of Equilibrium of a Floating Body \— 

1. The wt. of the floating body must be equal to the wt. of the 
liquid displaced. 

2. The C.G. of the body and the C.G. of the displaced liquid 
(centre of buoyancy) must lie in the same vertical line which is called 
the centre line of the body. In general the former is above the latter. 
For a completely immersed body, the former should be below the latter. 

268. The Stability of Floatation :—A floating body, at rest, 
is acted upon by two forces in equilibrium—(i) weight of the body act¬ 
ing vertici^Iy downwards through the centre of gravity (G), and [ii) the 



■ 



(a) Fig 357 (6) 

thrust of the displaced liquid acting vertically upwards through JB, 
the C*0. of the displaced liquid, otherwise known as the cenlre of 
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■buoyancy. As the body is at rest, these forces must act in the same 
line as shown in Fig. 137(a). The line joining the points B and Q 
of the floating body is called ite centre line. 

■When a body is inclined on account of any external forces acting 
on it, the shape of the displaced water changes and the centre of 
buoyancy shifts to tlic leaning side. Now, the forces of weight and 
buoyancy no longer act in the same*, vertical line but form a couple. 
This couple may or may not restore the body to its position of 
■equilibrium. 

(i) If the vertical through the new centre of buoyancy (BO cuts 
oXhe line BQ (called the centre line) above G, the couple will tend to 
- restore the body to its position of equilibrium [Fig. 157(b)]. 

(n) If the vertical through the new centre of buoyancy (S') cuts 
the line BO below (?, then the couple will tend to overturn the body. 

In the case of a ship where* the inclination (0) is not more than 
15“, the intersection of the vertical through B' witii the line. BQ is 
practically alixed 4 )oint {M) known as its meta-centre. Thus in short, 
if M is above B, then the ship u stable and if below^ it is unstable* 

[N.B. The C.G. of a ship is kept below the meta-centre by 
loading the bottom of the ship with ballast and thereby, the stability 
of the ship Is increased, llcstoring (or upsetting) moment— Wx 

(?JfXdn (1.1 

269. The Meta-centre :—If u body floating in equilibrium in 
liquid leans on one side, the C. G. of ilie body and the centre of 

\ buoyancy of the liquid are both displaced in the direction in which 
die body leans. The point, where the vertical line through the new 
position of the centn* of buoyancy intersects the centre Hue of the 
body (t>. die line joining the C.G. of the body and the C.G. of 
displaced liquid when the body floats in equilibrium), is called the 
mcta-centrc of the body, 

270. Densities of I mmereed and Floating Bodies: —Let 

the density of a liquid bo du *in which a body of density rfg and 
volume V is placed. Then when the body is ti>tally immersed, the 
mjHS of li(iuid displaced=rfj x K The ma-ss of the body=^ 2 ^ 
Hence {vide Art 2()()), 

(1) if (^2 X V)>{di X V)f i.e. if (i>2>'di, the body will sink, as a 
piece of stone or iron sinks in water. 

(2) ifthe body will float being wholly immersed any¬ 
where in the liquid. Olive oil is lighter than water but heavier dian 
alcohol, but by mixing alcohol with water in equal quantities, die 
density of the mixture becom<»s the same as that of Olive oil, when a 
dbrop of Olive oil will float anywhere in the mixture ; 

(j) if d 2 <di, the body will float partially immersed. Apiece of 
wood floats on water and iron floats on meroory. When a body of 
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density smaller than that of a Hqnld is placed on the liquid^ it sinlm 
tmtil tiie weight of the displaced volume of the liquid becomes equal 
to the weight of the body, when the body sinks no further and keeps 
dosing. In this case, if ?; be the volume of the liquid displaced by 


the immersed part of the 


body, div—cf 2 V; or, ; 

y ax 


ijg volcme of t he immt Tsed part ^densit y of the body 
total volume density of the liquid 


271, Illustrations of the Principle of Buoyancy of 
Liq/uids :— 

(/) Why Ice floats on water ?—It is known that 1 gm. of ice 
at 0 C. occupies 1/0 92 or 1'09 c.c., the density of ice being 0*92 gm^c.e. 
but 1 gm. of water at 0 C. oecuijies very nearly 1 c.c. Hence 1 c.c, 
water at 0°C. becomes 1‘09 c,c. when turned into ice at the »ame 
temperature; that is, when water freezes into ice, it increases in 
volume by about 9 per cent., i.e. 11 volumes of water at 0 C becomes 
about 12 volumes of tee at the same temperature, 

Hence tlie density of ice will bo diminished in the same propor¬ 
tion. So, from the above relation we get 


volume o f ice under water 11 
total volume of ice 12’ 


ije. ice will float on water with of 


its volume below the surface and above it. 

Note. A body which floats in one liquid may sink in another 
which is lighter. Thus iron floats on mercury but sinks in water, oil 
floats on water but sinks in alcohol, wax floats on water but sinks in 
ether, etc. 

(2) Why on Iron Ship floats on Water ?—It is a well- 
known fact that a solid block of/iron readily sinks in water, because 
the density of iron is greater than that of water ; but the mystery of 
why an iron ship floats on water lies in its construction, namely in its 
hollow shape. When the ship enters water, the volume of water 
displaced is much greater than the volume of actual iron immersed 
and, as a solid cannot displace more than its own weight of a liquid 
the ship sinks in water until the weight of tlie displaced water is 
equal to the weight of tlie ship. I'liat is the ship is immersed to 
such a depth that the weight of the ship with its contents (i,e. the 
enipues, cargo, passengersj etc.) is balanc ed by the upwards thrust 
or the force of buoyancy of tbe displaced wat(T. 


272, The Carrying Capacity of a Ship The carrying 
capacity of a ship is determined by tlie tonnage which is found by 
tiding the difference of the weights of water displaced by the empty 
and the fully loaded ship. The weight of a big ship with its 
ceOntei# c^es up to 66,000 tonsy i,e. 66,000 tons of water will be- 
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displaced by the ve^ql when afloat It should be remembered that 
the depth o£ immersion of a ship is less in sea-water than in fresh 
water because the density of sea-water is a little greater than that of 
fresh water, and so, in order to obtain the same uptlirust, a smaller 
volume of sea-water must be displaced. Thus a ship can carry^ more 
cargo on sea-water than on fresh water. Now-a-days, according to 
law, every ship must bear a mark called the Plimsoll line, showing 
the limit up to wliu'h it is perrait^'d 
to immerse in sea-water of normal dimsity. 

273, The Plimsoll Line .—This is 
a mark recorded on the side of a ship 
showing the limit of its immersion in sea¬ 
water in lawful loading. The letters L.K. 

(which stand fbr Llo>d\s Kegistfr) arc 
often used to indicate this line and tliey 
signify tliat thi'^ safe-loading Hue is con¬ 
sidered reasonable for the i>artieuiar ship J 53 

by the LU>yd^s Insurance Company and 

the fact is recorded in Lloyd^ Register of shipping. The lino is 
named after Hnmmuel Plimsoll (1821—181)8), a Bristol M.P. who 
initiated the law in the Parliament to stop the over-loading of ships. 
The enactment of such a law was considered necessary at the time 
for it wa< found that dishonest owners often sent to sea old vessels 
loaded very heavily after insuring tlnun for large sums and profited 
by the disasters that followed. The sailors often called such ships, 
‘Coffin ^Uips^ 

It is relevant here to take note of two expressions which are very 
much in use in tins connection. A ship ^drawing 30 it, of water*. 
means that 30 It is the distance from its keel to tlie water-surface, 

‘ Water line area* means the area cni losed by a line (irawu round the 
sliip along the water-surface. This cross-section is not the same 
all the vray down, for a ship tapers j^owiirds the kp(‘l. The change 
in the ‘water line ar<':P however, is not mii(‘h for some distance 
above or below the Plimsoll line and so is not often taken into 
consideration. 

Ejcamplc— »M~going §k^ ^without cargo) draws 20 ft. of water. If ito 
water fine area ie 16,000 eq ft. what had will mate it draw 22 ft. of water t 
(8p. gr. of o$a'water»l 26) 

Extia volume of water to be displaced 

«15,000 (22 - 20) =*15,000 X2 cu. ft. 

Weight of extra water to be diaplaceda*l5.000 X 2 x 62*5 Iba. 

/, Th« weight of lea-water to be diiplactd*® 15,000 X 2>C61?r5Kl'25 lbs. 

^ r 15,000 X2 X 62 5X 1*25_ 

,, Load*'- 

as 1046*3 tout (appeexitaately). 
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274^ The Floating Dock :—floating dQck (Fig. 169) contains 
air ohamBere in its base. When the same are *fnil of water, tBe dock 

sinks to a line such 
as ABf say, and the 
vessel floats, as 
shown in the ^ figure. 
As the water is gra¬ 
dually pumped out 
of the chamber, the 
dock rises until 
finally the floor of 
the dock is clear of 
water. The upthrust 
due to the water displaced balances now tlie total weight of dock 
and ship together. 

Example.— Th$ loeight of a big liner U given at 64,000 tone. WhatnMtt 
be the v^ume of a fioaling dock tohioh will be able to enppe^t t< f ^(Sp. gr.of 
eea-water^l 026.) 

Tbe volume of the dock must be equal to the volume of sea*watei 
weighing 64,000 tons, ie., (64,000 x 2,240) lbs. 

1 cu. fr. of pure water weighs 62‘5 lbs. 

/, The wt. of 1 cu. ft. of sea water *62*5x1*025 lbs. 

Volume required*2,237,814*6 cu. ft. (approx.) 

ugS 3X -a UaD' 

275. The Principle of a lifebelt :—^It is known that a piece 
of marble can be made to float when tied to a suitable piece of cork. 
Thus bodies heavier than water can be made to float by being tied 
up to lighter bodies of suitable size*. This embodies the principle of 
the life-belts, which are found in steamers and ships. 

276. Swimming s —^It is an art of moving in water keeping the 
head out of the surface of water. Though the human body is lighter 
than water of the same volume and will float, the head is heavier and 
tends to sink in water. The secret of swimming, therefore, lies in 
keeping the head out of water by the movement of limbs. It is much 
easier fo swim in salt water than in fresh water, because the density 
of salt wat(ir being greater, less force is required to prevent the body 
from sinking. 

/ 

277. The Cartesian Dioer This is a hydrostatic toy inven- 
by Pescartes. Ths principles of equilibrium of a body floating 

in a liquid, transmission of fluid pressure, and eompressibility of 
gases are demonstrated by U. 
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Fig. 160 


The diver is usually a small hollow doll having a tabular tail 
communicating with thcinside and open at the 
end (Fig. 100), In some cases the doli is solid 
and is attached to a hollow ball having a small 
opening at the bottom (shown on the rij^t of 
the jar), so that the two together can Boat in 
equilibrium. 

The diver is kept in a tall jar which is 
nearly full of water. The top of the jar is 
closed air-tight by means of a ^eet of rubber. 

The diver is partly filled with air and partly 
uwith water, the total mass being slightly less 
than the mass of water displaced and so the 
diver floats partly immersed in the water. 

On pressing tfio rubber sheet by means of 
the fingers, the diver is seen to sink down and 
on releasing the pressure to rise up gain. By 
keeping the pressure on the rubber sheet cons¬ 
tant, the diver mtty be kept stationary at any 
depth. 

Explanation .—^When the rubber sheet is pressed, the volume of 
the air below is diminished whereby its pressure is increased. This 
pressure is transmitted through the water to the air inside the diver. 
As a result, the volume of the enclosed air is reduced and so an 
additional quantity of water enters into the diver through the opening 
whereby the diver is rendered heavier than the displaced water and 
so it sinks. When the pressure on the rubber sheet is* released, the 
air inside the diver expands driviiig out the additional water and the 
diver is rendered lighter and so it risc.s up again. 

If it were possible to make the diver sink to such a depth that ilie 
liquid pressurt* at that depth is too groat for the inside air to expand 
adequately on the release of pressure* the diver will not rise up again. 
This aspect of the problem has been nyithematically investigated in 
the worked out Example No. 9 at the end of Cliapter XII. 

N.B. Most fishes have an *nir-blnd(ier below the spine, which 
they can compress or dilate at pleasure and thus can cither sink or 
rise^ in water. 

^7S. The Submarine :—It is a small sly vessel commonly used 
by the military navy. It can float on the surface of the sea like an 
ordinary ship or sink when necessary and reappear on Ilie surface 
again. The principle on which it works is similar to that of the 
Cartesian Divor.^ The vessel is supplied with lanse ballast tanks T 

(Fig. 161) both in the stern and 
bow, which can be filled with 
water. When water is taken into 
the tanks (which are provided 
with trap-doors), the weight of 
the boat is so increased as to 



Fig. 161—A Submccifie, 
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make tibe vessel sink, and when ihe water is pumped out of the tanks 
by pumps worked by compressed air, the ship®is made so light that 
it rises to the surface. Thus by emptying or filling the tanks, the 
mass of the ship is so varied and controlled that the ship is made to 
rise or sink as desired. 


The act of filling or emptying the tanks is done very quickly. 
Moreover, tha ship can be kept steady at any depth by the help of a 
vertical rudder R and other horizontal rudders not shown in the 
figure. A Conning to>t er C/va. which a periscope is fitted, always 
projects above the surface of the water so that objects lying on the 
surface of the water may be viewed from within the bout. 


279, The Density of Ice : —The deiivsity of ice can be deter¬ 
mined by preparing u mixture of water and alcohol .such a propor¬ 
tion that when a piece of ice is placed in it, the ice will neither sink 
nor float but will remain anywhere witliin the liquid being comi)lG- 
toly immersed [tide Art. 170 (2)]. The density of ice is then equal to 
that of the liquid mixture, which can be found out by means of u 
hydrometer {vide Art. 281). Its value is about 0*92 gm. per c.c. 


280. The Density of Wood, Wax^ etc. by Floatation :— 

The density of a solid having some regular form can be determined 
by the method of floatation if the solid is lighter than and insoluble in 

- water. Take a rectangular block of wood (B), whose 

length is / cm. and whose area of cross-section is < 
sq. cm. (Fig. 162). 

The volume of the blo<‘k=*/< cc. and the 
weight of the l)lock = /< x d grams, where d is the 
density of wood. ... . . (1) 

Float the block verti(*ally in water and measure 
the depth {h cm.) to which it sinks. Then the 
volume of water displaced=A"C c.c. 

The weight of displaced water—/i«<. grams 
Fig. 162 {the deo'jity of water is 1 gram per c c) and this 

is equal to the weight of the block according to the law of floatation, 

f 6. l<d=^h<. 

7__A_length immei’sed in watCT 
I total length 



n 

B 



















or, 


N. B. The method allies to other materials also, such as uax, 
etc. which are not affected by water and can he cut in regular forms 
such as cube or cylinder. Only a metre scale is svffi,cient and a 
balance is unnecessary in this method. 

Examples —(I) A hoUim spherical ball has an internal diamster oj JO amt 
end On internal diameter aj IS erne It is found just to float an water Find the 
derudty af ihe nusteriol of the ball,- {The volume of a sphere variee ae the cube of 

dimeter.) ( 0 . O. mS t JOSS) 

JL«f y *» voiume of tfa« ^ph^re, and ^sdiatnetar of tha sphera. 

Tflifji Ffcd* ; FsaJTd svhete Kiee. eonitatit. 
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The internal volume of the hollow ball s»K{l<?)*’= 1000 K c.c. 
and the external volume »jC(12)’‘« 1728 K c.c. 

The volume occupied by the actual marenal of the ball 
W1728 K-1000 K»72BK c.c. 

As the ball is found just to float in water, the mass of the balluthe 
of tha displaced water*volume of toe displaced watecXdensity of water 
al723Kxi«1728Kgm8. 

/. The density of the material of the ball 

^ _ mass of the hall __ 

volume occupied by tJhe actudt maierial ot tPe bail 
1728 K 


728 K 


—2 37 gms. per c.c. 


. v<f) Given a body A which wfighe 7'5S gm$. in air, 6'17 gtfu. in wttUr and 
tm^rSS gme, in another liquid B ; calculate from these data the deneiiy of the bod/y 
A and ihot of the liquid B, 

Wt, of .d in air *7 55 gms j wr. of A in water *517 gras, 

Wt. of the same volume of water* (7'55—5’i7)*2*38 gms. 

7'55 

Hence, volume of d*2*38 c.c.; Density of d* *3'17 gma. pet c.c. 

A*gain, loss of w^. of d and B* (7 55 — 6 35) = 120 gms. 

Hence, 1*20 gms. is the wt of B whose volume is the same as that of A 

1 20 

which IS 2 38 c.c. Density of B* =0*5 gm. per c.c. 

4W *30 

(J) A sphere of iron m placed in'a veasel cor^aining mercury and tooler. 
Find out the ratio of the volume of the sphere immersed in water to that immersed 
in mercury. (Deneity of mercury 13 6 ; density of sro»*7‘£ ; derwiiy o/scoter*!). 

Let Vi c.c. be the volume of the sphere immersed in mercury, and F* c.c. 
the volume imme<sed tn water. 

Then, the wt. of displaced mercury* ^^x 13'6 and that ©11 displaced water 
aVjXl. Now, wt. of di.splaced mercury-fwt, oi displaced water*wt. of the 
icon sphere, M. F, Xl3*6+F,=(Fi + F,)X7‘8 : or F, (136-7‘8)*F, (7-8-1). 

^ F« 33*6-7 8 29 

H'"“- Vi=Tj-T“34' 

(i) A body of density f is dropped genUy on the surface of a layer of liquid pf 
depth d and density h' (.1) being leseihani). Show that it will reach the btitom of 

the liquid after a tims, ^ g being the acceleration due to. gravity. 

(Pal. mi) 

If »i be the mass of the body, the volume of the body *»»/8 which ia alio 
the volume of the displaced liquid. So the weight of the displaced liquid 

SB which is the upthrust acting on the body. 

The force tending to bring the body down in the liquid * mg, the ^weight 
of the body, and the upthrust on it is mg < 8 '/ 8 ). Hence the resultant downward 
fpree*mg (l-B'/ 8 )*mass (m)xacceleration (/) with which it ta gdng down 

MV) 
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But we know if d be the distance travelled in time, f, 


-i-m- 


ox. 


ii— 2d 9 


= A 2jl ■ 

V (^(s-sT 


(S) A toy »»on weigha ISO gma. The denaity of the man ia T12, that of cork 
0'24, and that of ^aier 1. If fta« weiglu of eorfc muat be added to the man that he 
tnayjuet float in water t 

LfCt If be the wt. of cork required, the volume ol cork=sTf/0*24 c.c. 

1 wi /1^0 Tf^ \ 

Volume of man*J^c.c. /. Their total volume* 

The man and cork will just float in water when their total weight "is •* 
equal to the weight of water displaced by them. Hence the volume of dis¬ 
placed water* (150+If)/I c,c. and this is equal to the total volume of man 
and cork. 

I A piece of metal weighing 20 gme haa equal apparent weight with a piece of 
oloM when ewpended from the pane of a balanee and tmmerred tn ^l«r. If the 
iSZ- ia^tHifd by aMwl (denaity 0‘9), 0’84 gfnm^t be addedmhepanfi^ 
« 0 ^ the ia auapanded in order to reatore Fend the weight of 

Aeglaaa. 

Let mwmaas of glasa, P-sp. gr. of glass and d=Bp. gr. of the metal. 

For equilibrium in water, we have. ... (1) 

and for equilibrium in alcohol, m— ^ ^ X0*9 ^ “20- ^ +084... (2) 

Multiplying (1) by 0*9 and aubtra :ting it from (2). 

m X OT=*20 X OT + 0*84 ; »»>«28-4 gms. 

<71 (a) Find a mathematical expreaeim for if te denaity of a mixture, when the 
detwitiea and the maeeea of the componenta are known. 

(h) Oaleulaie the quantity of pure gold in 100 gma. of an aUoy of gold and 
ooi^of denaity 16. iDeneity ofgold^lO, and that ofeqpper^O.) (Dae. mO, *82) 

(a) l>t fWx masses of the components and di and dg their 

teipective densities, and let d be the density of the mixture. 

Then, the volume of tne miature=:^^-^-^^+'^*-^ = volume of the 

components, whence d can be calculated. 

(b) If M g«^« be the mats of pure gold in the alloy, the mass of copper 

' ' ^ 100 

as(100-»») gms. Now, volume of the alloyas-ig-; vol. of gold*—, and vol. 

, 100-m 

ol copper w> 


9 


A ~ » ^+ — whence w» * 83T2 gma. 


16 19 


(g) A sefid diaplaow ), and | of ita wdume reapeetio^ Ufioata in 

girw Mf^ent UqtMo. Find the vdluma it diaplaeea whan ii flooto in a miaturo 
ftfpyiA ^ vofumaa of the ofrmoedd theoe Ugmae. (Pat. 1943) 
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Let V be the volume end d the deniitj ol*the eolid. let d^, end the 
deneitiea of the three Itquide. 

When a body floata, ita volume X Its densitysthe volume immersedXdensity 
of the liquid. ’• We have, (*) Fd*^r/2xdi; or dx='2d, (**) Fd<MF/3K(iL 
or, d*-3d. (Hi) Fd[«F/*lXda*4d. 

The mixture is f,;tmed by takinit, sey. v c.c. of each liquid, then the total 
volume**3v c.c. and its total ma88)ev((^-f^s*f<^s)~*’ (2d-|-3<l4‘4d)3i9«d. 

Density of the mixture* 3t^^s=3 d. 

volume 3 p 

Now. if SB c.c. be the volume of the mixture displaced, we have Fds ex 3d. 
or, SB=siVl^, ifi., it displaces ^ of its volume. 

281, The Principle of a Hydrometer : —Various methods 
are given in Art 287 for the aeenrate determination of the specific 
gravity of a liquid. For commercial purposes wc need a method 

' which should be simple and quick, although the results may 1|ot be 
very accurate. For such puri^oses inwstruments, called Hyattr^wterff 
are used. The®^ depend for their action upon the principle of 
floatation ; the principle is, “when a body floats in a liquid, the weight 
of flie body is equal to the weight of the displaced liquid.” 

There are two types of hydrometers in use. One is called the 
Variable Immaraion (or constant weight) type, ordinarily known as 
the commdn hydrometer, and the other, the Constant Immersion (or 
Variable weight) type, known as the Nicholson's type. In the former 
case, the portion of the hydrometer immersed dci>ends 
on the density of the liquid ; the immersion is greater, 
the less the density of the liquid. In tlie latter ease, tlie 
principle used is to get the hydrometer imnuTsed up to 
a fixed mark of it into the liquid, whatever is the 
liquid used. In commercial practice, however, the 
Variable Immersion type is used. 

282. The Principle of the Variable Immer-- 
eion Hydrometer : —^I'ho principle of this type of 
hydrometer may bo understood by taking an ordinary 
flat-bottomed uuifomi test-tube T (Fig. J 03) and loading 

• it with a suitable amount of sand, or lead shot, so that 
it floats verti(*ally in a liquid. Paste inside ilie test-tube 
a strip of millimetre squared paper, marked off in centi¬ 
meters measured from the bottom, and close tlie tube ^*8* 
with a cork. Now float the tube in a jar of water and observe the 
depth immersed (rfi). Take out the tube, wipe it dry and float it in a 
jar containing a diflerent liquid. Again observe the depth immersed (d®). 

Let W be the weight of the hydrometer, t,e. the test-tube wifh 
load, a its area of cross-section, and p the density of ihe liquid ; 
tiieu, since the weight of the hydrometer is equal to the weight of;the 
displaced liquid in each case, 

we have TT^aXcii xlasaXd® Xp, or pfl (or sp. 

8mce di/d® is a ratio, the depths can be measured in inches or in 
QMitimetxcs. 






XAT£ FBTSXCS 


m 


iNt. 


The experiment can be.varied with different amounts of lead shot 
in tlie tubes and a graph can be drawn with di and dg. [For the aotual 
type of variable immersion hydrometer and its use vide Art. 287 (2) ] 

Hxamp{e 0 .-^(i) The deneUy: of wa-water ie 1'028 <^ne. per c.o. and the dmeUy 
of ice %e Q‘9l7 gm. pet e.o. Find what portion of an iee-berg ie oieibh above the 
water eurfaee, wAen it ie in eea-toater, and when in freah water. (Utkal. 1954) 

Let V be the volume of ice immersed, and F the total volume of ice. 

Then (F -~v) is the volume which is visible above the surface of the sea. 


We have, from Art. 270, ^ = 
* V 


_d ensity o f ire_ sbO'917 . 

density of sea-water 1*025 * 


1 ^ - 1'025-0*917 _0-108_ 1 

F F 1-025 1-025 9-5’ 


Tberefote the portion 
l/9'5 of the local volume. 


of the ice-berg which is above the water surface is 


In fresh water, the densitv of which is 1 gm. per c.c„ we have 
T7_p 1-0-917_0-083_l V 

1 “1-12 (“PP™-)- 


(S) A variable immersion hydrometer ie prepared by taking a teet-tube 16 
ome. long and 3 cma. wide. The teet-tuhe which ie aeeumed to have a uniform croea- 
eection ie weighted with a few lead ehote to make it float upright. A namrw piece of 
graph paper ie puehed into the teet-tube to eerve ae a eeale, Thejtttbe ie then placed 
in glycerine of epeeifie gravity 1‘25 and then it ie placed «n water Thewcale reading 
whi^ tnersoaea upwarde, is 1' 6 oina. for the level of the gtyeerine eurface and 2‘8 
ome.for the level of the water surface. The scale reading, when the test-tube ie placed 
tn a solution of copper sulphate, ie 2 5 erne. What ie the epeeiflo gravity of the 
latter! 


Let F be the volume of the portion of the test-tube below the zero mark 
and V' the volume ol 1 cm. of the tube. 


Then in glycerine the immersed volume =s(F4-l 6 V') c.c. 

A The upthrust in glycerinewwt. of this volumewl"25 (F+16F'). 

Similarly, the upthrust in water=lX(F-4-2'8 F'). 

Since each upthtu8t«=wt. of the test-tube. F -k28F'«'T25x(F+1-6F'), 

of the copper 


or, 0-25 F=s0 8 F'; or, F=3 2F' Anain, if S be the sp. gt. 
'Sulphate solution, 8 (F-|-2-5F')a(FHh28F'). 

o _ F+2-8F'_3-2F'4-2*8 Vi 6 
F+2-5F' 3-2 F'+2 5 F' “5*7 ’ 


8^ 1-05. 


[Note that this example explains the principle of preparing and 
graduating a variable immersion typ^ of hydrometer.] 

(3) The stem of a common hydrom^er ie cylindrical and the highest graduati^ 
oorreeponde to a epeeifie gravity 10 and the lowest to T3. What spedjlo gravity 
oorreeponds to a point ewactly midway between these divisions f (Fat. 1966) 

Let I be the total length of the stem fiom the lowest to the highest 
gtaduation, a the area of cross-section of the stem. F tbe volume of the bulb up 
to the lowest graduation and W the weight of the hydrometer. Then. 

<F-i-Ia)Xt^Fand FxTSssTF ... 

/. F+l«« 1-3F ; or. 0-3F=rl<i 

Again. (F+i/ 2 x 0 )SsaFF, where 8 is the required sp. gr. 

trom (1) and (2). (F-f^F) -5«1:3F; or, 5-^=l-13. 




( 1 ) 

( 2 ) 
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283. Archimedes (287—212 B.C.) :—mathematiciaJa 
and inventer of immortal name. He was bom at Syracuse in Sicily. 
Son of a mathematiciaii-astronomer, he was a close associate of 
Hiero, Bang of Syracuse, He may be regarded as an ideal scienMfic 
worker, always occupied with thinking on his problems. During the 
• Roman invasion of Syracuse in 212 B.O., it is said the soldiers 
entered his premises and challenged him. At that time he was 
brooding over a geometrical figure drawn on sand before him and 
he had no time to reply. Just before he was slain, he called out to 
the soldiers, “Kill me but spare my figure." Once Hiero ordered a 
crown to bo made for him in pure gold. When the crown was 
presented, he requested Archimedes to test if it was made of pure 
■^gold (of course without causing any damage to it). This put Archi¬ 
medes to restless thinking. One day while he was bathing in a tub 
of water, it is saiA he felt a loss of weight of his body as the water 
was dis[)laced. At once the idea crossed his mind that a body 
immersed in a liquid loses a part of its weight. Biibsequently, he 
found this loss in weight to bo equal to the weight of the displaced 
water. This enabled him to find the volume of the Crown and 
calculate its.dcnsfty and compare it with that of a piece of ])urc gold. 
It is so said that he jumped up from the tub in ecstasy of joy and 
rushed out into the street, naked, crying, ^^Kureka ! Eureka I" {t.e. I 
have found out, I have found out). 

The following statement on the lover is another famous story told 
■of him. He said, “Give mo a place to stand on and X will move the 
earth." In testifying to the truth iu it in presence of Hiero, he 
applied one end of a lever to a ship and while the other end was 
lightly pressed upon by Hiero himself, the ship moved into the 
water. 

His name is connected with many inventions in Machines, 
Mechanics and Mathematics. The pulley, the windlass, the Archi- 
median screw, hydraulic and comprpased air machines arc some of 
them. He is said to have used the concave mirror for the first time 
to focus the sun^s rays for generating* heat at a point. Besides the 
principle of buoyancy and hi| work on floating bodies he also 
discovered how the circumference' of a circle could b(' calculated and 
his method gave the number later designated by the Greek letter n. 
He also developed the Conic Sections and the concept of infinity is 
duo to him. 

Questions 

1. Explain how Aichimedes* principle may be used to duunguish a metal 

from its alloy. (C. U. 1922, ’26 j e/. Pat. 1923, ’32) 

[Hints,—Detetmine the density of the alloy and compare its value with that 
of the pure metaL] 

2. Why is it easier to lift a heavy stone under water than in air ? 

(C. U. 1937) 

3. A beaker containing water weighs 300 gms., a piece of metal whose 
volume is 10 cc, and mast 68 gms, is immetsed in the water, belnj suspended 

16 
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Ijjr « fine th}:eBd. Find (a) the upward force which must he applied to the 
thread to tupport the metal, and (b) the upward force neceatary to aupport the 
beakci. 

[4i»a.; (a) 78 gms -we.; <h} 310 

4. A flask when full of water weighs 75 gms,; when full of mercury of 

density 13*6 gms. per c.c. it weighs 705 jms. and when full of sulpbunc acid it 
we^hs 117 gms. Find the density of the acid. (C. U« 1952> 

lAm.: 1*83 gms. per c.c ] 

5. Describe how you will determine eaperimentally the density of a metal m 

the form of a long wire of about 5 metres in length. [Pat. 1922) 

[Hlnts.-^Measure the diameter and hence the radius of the wire by a screw 
gauge, and measure the length. Volume Weigh it in a balance by turning 

&e wire into a coil of several turns. Then densityssmass/volume 

The volume can also be determined by the method by ^displacement o[y 
water.] 

8 . When two equal volumes of two substances are mixed together, the 
ap. gr. of the mixture is 4. But when equal weights of the came substances are 
mixed together, the sp. gr. of the mixture is 3. Find the sp. gravities of the two 
substances. (Utksl, 1954}. 

[Aim. ; 6 and 2] 

7 . The densities of three liquids ate in the ratio of 1 ; 2: 3. What will be 

tihe relative densities of mixture made by combining (a) equal volumes, (b) equal 
weights ? (Gau. 1953; C. U. 1954) 

^i»a. 11:9] 

8 . A block of wood of rectangular section and 6 cm. deep floats m water. 

If its density is 0*6 gm./cm*., how far below the surfa^ is its lower face ? 

What weight placed on the upper surface of the block is needed to sink it 
to a^ptb of 5 cm., if its area is 120 cm*. ? 

[A»s.; 36 cm.; IcSgm] , , , „ , , , 

9. Under what conditions do bodies float or sink in a liquid 7 A piece of 

iron weighing 272 gms. floats in mercury of density 13 6 with ^ tha of its volume . 

immersed. Determine the volume and density of iron. 

(C. U. 1930; cf. Dac. 1927, ‘39) 

[HintSi—Let the volume of the iron piece be x c.c, Then c.c.~volame of 

iten piece immersed m metcury=volume of mercury displaced by the iron 

piece. mass 272 

Then 5 o'- »-32 c.c.; alid density =8 5 gms. per c.c] 

10 Discuss the stability of equilibrium of a floating body. Apply your 
testtit to the case of a uniform spheie of wood floating on water. (Par. 1947) 

11. State the conditions ot equilibrium of a floating body and explain what 
is meant by metuoMtre, Discuss, m general terms, the question of stability of 
floataaon, Why is the bold of a ship generally loaded with ballast 7 

A flat boat is 20 ft. by 30 ft. in area. How much will it be lowered when 
Mitylng a 1-ton automobile 7 \ 

***?2Sw. 1 0*72 inch appeoa.] 

12 What IS meant by ‘buoyancy' 7 Explain why an iron ship floats in water. 

12. wnatism (C.U. 1928,’37; Pat 1932; Dac. 1933) 

13 . DesCTibe the ‘Cartesian diver' and explain how it acts Do you know cd 

appliance which is based on this principle 7 (C. U« 1938, ’46) 

** 14 , The specie gmvity of ice is 0 918 and that of sea-water is 1*08. 

Wbat IS the «ofal volume of enKe-becg which fioets with 7(9 cubic yarde 
7 U' 1932 ■ Pat 1935) 
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rHiiitx.->Let V cubic ytanU be the total volume of the ice*berg. Volume 
un&r water*(7-700) cu. jdjfi. The mass of the ice-berg»(FX27)X625 
XO'OIS lbs.}. 

The mass of the sea-water displaced =»(F—700) X27X62’5X 1*03 lbs. According 
to the law of floatation, the mass of the floating body a mass of the displaced 
liquid..*. (Fx27)X62*5xO*918a(F-700)x27X 62'5xr03; or F«6437'5.cu.yds,3 

15, You ace provided with a hollow glass tube of uniform cross-section 

with a bulb blown at its lower end, and other necessary materials. State how 
you will proceed to constiuct a common hydrometer, and explain how you will 
graduate it. [S'se also Art. 287 (2)] (Pet. 1944) 

16. Two bodies are in equilibrium when suspended in water htom the 
arms of a balance. The mass of one body is 28 gms. and its density 56 
gms./c.c.: if the mass of the other is 36 gms., what is the density 7 (Pat, 1928) 

[Ane. : 277 gma/c.c.] 

^ 17. 1 C.C. of lead (sp. gr. 11*4) and 21 c.c. of wood (ap. gr. 0*5) 'are fixed 
together. Show whether the combination will float or sink in water. 

(C. U. 1933) 

[Hints.—’Mass of 1 c.c. of leads 11*4 gms.; mass of 21 c.c. of woods21 X05 
BslO'Sgms. .*• The total mass of the combinations 11*4^10*5a21'9 gms. 

Their total volume =21+1=22 c.c. So the combination floats with 219 c.c. 
of it being immersed in water and keeping the rest (^.s. O'l &c.) above the 
surface of water.} 

18. Show ^at a*hollow sphere of radius B made of metal of sp. gr. J8 will 
float on water, u the thickness of its wall is less than Ii/3S. (Nag. U. 1952) 
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SPECIFIC GRAVITY 


Dewity and Specific Grtwity .—The density of 
^substance is its mass per unit volume, i.e. its 


density = 


mass’ 




volume* 


The specific of a substance is the ratio of the might of 

any volume of the substance to ^ weight of an equal volume of 
water at 


Sp. gr. of a substance = 


W ^.of _y of the substance 

Wt. of*V c.c. of water at 4‘’C. 
Mass of V C.C. of the substance 


Mass of V C.C. of water at 4‘’C. 

of unit volume o f the substance 

Mass of unit volume of water at 4''C. 
^ Densit y of the substance 
Density of water at 4°C,* 


*Xf the mass of a body is uniformly distributed in the volume, the dBositj of 
a part of it is the same as the density of the body as a whole. Qrdi aertly , the 
density of a substance is expetimen^y deteicsuned hs tak^ a portion of it 
assuming the density to be ttniiorm. To test if tlie deni^ is un^toHto, experi- 
mentsinay be earned out by taking samples from the dtiPment poctiomi of the 
aubataace* If tIusT slightly vary, the average densHiy it obtained 1^ finding the 
atithmettc mean valne of the several deasi^a detemdiieo. 
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So, the specific gravity of a substance is really a relative densityt 
i£, its density relative to that of water at 4°p. 

Note. U) Specific gravity is express^ as a ratio ; it expresses 
the number of times a substance is heavier than an equal volume of 
water at 4®C. So it is a pure number while density, which is the 
mass per unit volume, is not a mere number. ^ Density must be 
^pressed in some unit, say^ in grams per Guide eentimefret or in 
pounds or ounces per cubic foot, 

(n) We may speak of mass instead of weight in defining specific 
gravity, because the ratio of two masses is equal to the ratio of their 
weights at the same place. 

Relation between Density and Specific Gravity it^ 
the^wo Systems of units 

(a) In C.G.S^ the density of water a| 4'’C=thG mass of 
1 C.C. of water af?*O. == 1 gram per c.c. 

Since 1 c.c. water weighs 1 gm., the volume of a substance in 
C.C. is numerically equal to its mass in grams. So the density of a 
substance may be written in G.O.S. units as follows : 

Dens'tv = sub stance 

^ ^ Volume of the substance • 

' -w Mass of the substance „, . » 

Mass 01 an equal volume of water 

^Wpifeut the ratio of the masses of two bodies is the same as the ratio 
01 ^ir weights. Hence, when measured in C.G.S. units, 

density ^__weight of a_b^y_ 

. weight of an equal volume of water ^ 

= specific gravity of the body. 

Therefore, the density of a substance in C.G.S. units is 
oumerically equal to its specific gravity. For example, the density 
of lead in C.G.S. units is 11‘3 grams per c.c. and the sp. gr. of lead 
^ density of lead _irS g ms. per c.c .^ 
density of water at 4“C* ^1 gm. per c,c. 

{b) In F.P.S. units, the density of water at 4‘’C.=*the mass of 
1 ctt. ft, of water at 4'G.~62*6 Ibs.fcu. ft. Since sp. gr. of a subs¬ 
tance** density of a substance “density 

density Of water at 4 C. 

of water at 4°C. X sp. gr. of the substance. 

So, the density of a substance in F.P.S. units (lbs. per ca. ^ 
ft.) is numerically equeU to 62"S x sp. gr. of the substance, 

For example, («') the density of lead in F.P.S. units is J09 pounds 

per Ott. ft end the ep. gr. of lend = ^ib3;^e7cTft: " 

(it) The density of iron in C.G.S. unite is 7'8 gms, per c.c. and the 


,. mass of 1 O.C. of iron ^T3^’7‘a 

«p. gr. of nron = 



swEOinc QRAvrnr 


m 


And since the density of iron in F.P.S. umls is 487’6 lbs. per on. ft 

. _c._mass of 1 ou. ft of iron__487‘5„w.o 

then the sp. gr. of iron«- -— -ir~F —7- *= • 8. 

, ^ mass of 1 cu. ft. of water 62 5 

t \ n n a , ‘4*= «« «« = density of the substance 
(c) In C.G.8. units, sp. ^ ^ 

gms./c .o. 

1 gm./c.c. 


T_ -ntric! __density of tiip substance 

in r.r.b. units, sp. gr,—^— rf —5—:-r7.o« 

density of water at 4 C. 


ss: ^ P Ibs./cn• ft. _ 

62'5 lbs./cu. ft. 

Thus sp. gr. is the same in both the units. * v. 

The relations between the two systems will be clear from the 
following table : • 



286. Sp. Gr. of Solids :— 

(1) By Direct Measurements. —In the case of a solid having 

some regular form {€.g. rectangular, spherical or cylindrical), the 
volume of the solid can be calculated by measuring its linear 
dimensions. The body is then weighed. Let tlie weight of the body 
be W gm., and let its volume be V c.c,, then 
density of the body = W{ V gm, per c.c., 
andsp.gr. „ *=1F/F. , 

(2) By the Hydrostatic Balance .— 

(a) Solid heavier than water .— 

Let the weight of the solid^n air= TFi gm. and 
the wt. in water— TFg gm. 

To take tlie weight of the body in water, it is 
suspended by means of a fine thread from the hook 
of the lift pan and made to sink completely in 
water contained in a beaker (Fig. 164). The beaker 
is placed on a small wooden bridge, which is put 
across the pan in such a way that tlio bridge, or the 
beaker, does not touch any part of the pan of the 
balance. 

The weight of the same volume of water as that 
of the solid»(lFi - W^) gm. 



Fjg. 164 
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Sp. gr.- ^ Q<^y ^ air - 

• volume of water Wi - Wt 

Solid lighter than water ,— 

Let the weight of the solid in air*» Wi 'gin. 

Take another heavy body, called a sinker^ such that the two tied 
together may sink in water. 

Let the weight of the solid and sinker both in water = gm., 
and the weight of the sinker alone in water = gm. 

The weight of solid in air+the weight of sinker in water 
—the weight of solid and sinker in water=upward thrust by water 
==>the weight of water whose volume is the same as that of the solid 
—(Wi + Wa — Wz) gm. 


Hence, 8p. gr. 

Otherwise thus :— 


* 


wt. of the solid in air= Wi 

wt. of solid in air+sinker in water= 

wt. of solid and sinker both in water = >^3 • 

wt. of water displaced by solid — Wq — W^. 

TTi 

Hence, Sp. gr.= 

(c) Stdid soluble in water .—^The specific gravity of a solid 
soluble in water can be found by immersing the solid in a liquid of 
known specific gravity in which the solid is insoluble. 

Determine the specific gravity of the solid relative to the liquid. 
Then the actual specific qraviiy of the solid will he obtained by 
multiplying this value with the spmfie gravity of the liquid. For 
we have, 


Sp. gr. of the solid = 


_ weight of sol id in ^_ 

weight of the same volume of water 

_weight of solid in ai r 

weight of the same volume of liquid 


X weight of t h e same vo l ume of liquid 
weight of the same volume of water 


sss _ ~ weight of so lid in air _ 

weight of the same volume of liquid 

Xsp. gr. of the liquid— ^ X p, 

where TFi—wi of solid in air; TTs—wi of solid in the given 
liquid; ps^sp. gr. of the liquid. 
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^ iS) By the Specific Graoity ii 

fitted with a ground glass stopper having a narrow 
•central bore. The bottle is filled to the top of the 
neck with any liquid, and Ae surplus liquid over¬ 
flows through the hole in the stopper when the 
stopper is pushed into its position (Fig. 165). Shake 
the bottle to remove air bubbles. The bottle holds 
a definite quantity of liquid. This bottle is used to 
find out the specific gravity of a solid in the form 
of powdery or small fragmentSy and of liquids also. 

Lot ^e weight of the empty bottle«» TFi gm. 

The weight of the bottle+powder put inside 
— Wz gm. 

^ . The weight of the powder=(TF2 - TF i) gm. 

The weight of the bottle+powder+water to fill 
the rest of the bottle = Ws gm. 

Now pour out all the contents of the bottle and 
fill it up with pure water taking care to remove any 
air bubbles from inside. 

Let the weight of the bottle when full of water 
= Tl 4 gm. • * 

Then the weight of an equal volume of water astliat of the powder 

Hence, sp. gr.-^ 

N.B. To determine the specific gravity of a powder soluble in 
water, a liquid is taken in which the solid does not dissolve or chemi- 
^cally act. Then, the sp. gr. so found is multiplied by the sp. flfr. of 
^ the liquid at t^ observed temperature. 

(4) By the Nichol8on*B Hydrometer.r^ 

This is a eomtant immersion type hydrometer. 

It consists of a cylindrical hollow vessel A 
to which is attached a thin stem B at the top 
of which there i8*a small scale-pan C (Fig. 166). 
Below the vessel is attached, by the ci^ed 
metallic hook D, a conical pan which is so 
weighted with lead shots or mercury that the 
hydrometer may float vertically in a liquid. 
There is a scratch mark on the stem up to 
which the instrument is always made to slot: in 
a liquid. The hydrometer is placed in water con¬ 
tained in a glass cylinder. A slotted card-board 
(left-hand figure) or a bent wire (righHxand 
Fij. 166 - The Nichol figvne), is SO placed across the mouth of the 
BOtt'e Hydrometer. cylinder that the upper pan is arrested before 
sinking into water in the cylinder. All the joints in the hydrometer 
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must be made air-tight* Weights are placed on the upper pan of the 
hydrometer to make it sink up to the mark on '^e stem. Let 
tie weight required be Wi gm. 

Remove the weights and place the solid on the upper pp. Add 
weights again on the upper pan to make the instrument sink up to 
the mark. Let it be W 2 giii* Then the weight of the body in air 
»{Wi-Trs)gm. 

Now removjB the weight and place the body in the lower pan 
which is in water. 


Again, find the weights necessary to bring the hydrometer up ta 
the mark. Let this weight be TF# gui. 

Then the weight of the body in water~(TFi — Ws) gm. , 

The weight of displaced water=(iri- — TTs) gm. 

> =(Tra-W2)gm. 

•• 

^ (Note—^It is evident that the method depends on Archimedes' 
principle. If the solid be lighter than water, tie it to i^he lower pan 
and proceed exactly as above.) 

(5) By Method of Floatation—[Vide Art. 280] 

287 . Specific Gravity of Liouids :— 



(1) By the Hydrostatic Balance .— 

I^t tiie weight of a solid body, which is heavier than 
the liquid but which is not chemically acted upon by it=» 
Wi gm., and the weight of the solid when immersed in 
water— W « gm.; and that when immersed in the liquid 
= TFs gm. 


Then (TTi-TTs) represents the weight of a volume 
of liquid equal to the volume of the solid ; and (TFi - Wg ) 
is the weight of the same volume of water. 


Sp. gr. 




{2y By the Common (or Variable Immersion} 
Hydrometer .— 


Fitf 167- -D««cripfioin.— This is n glass instrument (Fig. 167)' 

T& Com- vertically in different liquids with a part of 

moil Hy* stem above the surface of the liquid. In order that 
drometer. the inskument may float vertically, the small lower bulb 
B is weighted with mercury or lead shots. The weight of the liquid 
displaced by the hydrometer is equal to the weight of the hydrometer 
itself, which is always constant. But mass == volume x density ; hence 
mass being constant* volume is inversely proportional to density.. 
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So the volame of the liquid displaced increaecs as the density of the 
liquid diminishes ; hence it sinks deeper into a lighter liquid than in 
a heavier one. The stem 5 can thus be graduated so that the 
specific gravity of a liquid can be read off directly. The number of 
the division on the scale fixed in the tube, which is in level with the* 
surface of the liquid, gives the specific gravity of the liquid. 


In Fig. 168, a common hydrometer used for testing 
the sp. gr. of accumulator acids, etc. is shown. A 
quantity of the liquid is drawn up in the outer casing 
by dipping the lower end of the hydrometer into the 
liquid and then pressing the rubber bulb when some 
air will be forced out. On releasing the pressure, 
the atmospheric pressure will raise the liquid into the 
casing so as to enable the hydrometer to float 

Graduation of a Common Hydrometer .—^To 
graduate the instt*ument, float it in water and put a mark 
on the stem which is in line with the surface of the 
liquid, and similarly put another mark on the stem 
when it is floated in another liquid of known density 
id). Let the lengths of the stem exposed above the 
surface of the liquid in the two cases be and 1 2 
respectively. Then, if W be the weight and F the 
volume of the whole instrument, and a the area of 
cross-section of the stem, we have, 

W= iV—lia)xl =(F—tbe density of 
water being 1. 

h =^(F- W), and h=M y- ; 

a a\ a / 


Similarly, if I be the length of 
a liquid of density d\ we have, 



il-h) 

(/a — L) 


the stem 


I*-lid * 


exposed in 



Fig. 168 


For different values of d* the* corresponding value of / can be 
calculated from the above relation and the instrument can thus be 
graduated. 


It is so graduated that when the hydrometer is floated in water, 
the scale reading is 1000, which means a sp. gr.==l’000. In another 
liquid it might be 1210, i.e. the sp. gr.—r210. 

Commercial Hydrometers. —^I’hc variable immersion type 
of hydrometer is generally used in different industries for finding the 
densities of liquids, and these hodrometers are named according to the 
use to which each is put; for example, it is called a lactometer when 
it is used to find the sp. gt. of milk (which is generally between 1029 
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and 1*033), an alcoholometer when used to find the density of 
alcohol, and a saccharometer to determine the sugar content of a 
solution. 

The determination of density by means Of a lactometer, however, 
is not a conclusive test of the purity of the milk; for, the density 
of skimmed milk is greater than that of unkimmed milk ; so by 
adding water to skimmed milk, the density can be brought to its 
normal value. So the amount of fat should be determined along with 
t he density in order to test the quality of milk. 


(3) By Nicholson*s Hydrometer ^— 

In this experiment the principle that a floating body displaces its 
own weight of the liquid in which it is floated is utilised by immersing 
the hydrometer each time up to the same index mark in the liquid 
and in water. 


Let the weight of the hydrometer be Wx gm. « 

It is then floated in the liquid contained in a glass cylinder and 
weights are added on the upper pan to make it sink up to the index 
mark. Let this weight be gm. 

/. The total weight of the displaced liquid =*{ TFi 4- TTg) gm. 


Similarly, let the weight required on the upper pan to bring it up 
to tiie index mark when placed in water = gm. 

.'. The weight of the displaced water whose volume is the same 
as that of tbe displaced liquid =*(11^14-TTs) gm. The volume of 
the displaced liquid=( IFi + TT#) cc. 

Sp.gr. 

Alternative method (without using a Bttlance ).—piece 
of solid is taken which is not soluble in the liquid and also will not 
react chemically with it. 


Let the we^ht required on the* upper pan to sink the hydrometer 
in water up to the index mark, when the solid is placed on the 
upper pan be TTi, * 

The solid is then placed in the lo^er pan and let the wt. required 
to sink the instrument up to the mark— 

Then (TTj — Tri)=*wt. of the same volume of water as that of^the 
solid»»volume of the solid Sp. gr. of water=1). 

Similarly, let Ws and be the corresponding weights when the 
above operations are repeated in the given liquid ; Iben 

( 1^4 — Trs)=»wt. of the same volume of the liquid as that of the 
soU^ 


• B 


Sp. gr. of liquids 


W2-Wi‘ 
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^ i4) By Specific Gravity Bottle.— , * 

Let the wt. of the empty bottle=* Wi gm. 

It is then filled completely with water and weighed. Let this 
weight be TFg gm. 

The bottle is emptied out and carefully dried. It is then filled 
with the liquid. Let the weight be Wq gm» Then, 

(S) By Balancing Columnn _(U-<^^6fi).-'The densities of 

two diflFeront liquids, which do not mix, nor have any chemical action 
with each other, can be determined by pouring them one after another 

in a U-tube. 
i 

Take a U-tube of glass and pour first the heavier of the two liquids 
taken (say, mercury), and note that the liquid (mercury) attains the 
same le%’el in both the limbs (Fig. 169). Now care¬ 
fully pour some other liquid, say, water into the 
left-hand limb. The weight of water pushes theS X 
mercury down ir^ the left-hand limb and up in the ; 
right-hand hmb. Let G be the common surface of. 
separation of mercury and water. Consider the 1 -.-y: _ 0 

horizontal level AC. The pressures at these two h 
points A and C must be equal because the liquids ^ ^ 

are at rest, and so the two columns AD and CL t£: kf 

are called balancing columns. yyy £7 

Now, pressure at A == force exerted on unit area at A ^ ^ ^ 

= P4-wt. of the column AD of q 

1 sq. cm. base , 

— PH-volume of the column AD 
of 1 sq. cm. base X density X g pig, 169— 
=*P+fel Xpj Xp ; where P=»at- The Balancing 
mospheric pressure, Ai = JiD, Pi=density of mer- Columixe. 
cury and g is the acceleration due to'the gravity. 

Similarly, pressure at C^^P+h^Pigt whereand pg— 
density of water • 

PA-haP$ g^P+hiPig \ or, A*P2=*^iPi ; 

or 

«2 Pi 

That is, the height of the balancing columns are inversely 
proportional to the densities of the liquids. 




Fig. 169— 
The Balancing 
Columna. 


In this case, pifpj is the ratio of the density of the liquid (mer¬ 
cury) to the density of water, it is the sp. gr. of the liquid. 

By Hare*e ApparcAae .—^The above U-tube method can be 
applied when the liquids do not mix «p,but when two liquids mix up 
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they must be kept separate, and in that case the following method, which 
is merely a modification'of the U-tube method described above, can be 
adopted By this method the relative densities of two liquids can be 
determined by balancing two liquid columns against each other. 

The Hare's apparatus consists of two parallel vertical tubes M and 
N connected at the top by a three-way tube A fitted with a piece of 
India-rubber tubing JB and a clip P (Fig.170). So it is merely an in¬ 
verted U“tube with a side tube at the top. The lower end of each 
tube is dipped in a liquid contained in a beaker x or y. The liquids 
are drawn up t6 different heights when sucked through C and they 
are kept steady by means of the clip P. Generally water is taken as 
one of the liquids. 



Let and be the heights of the liquid 
columns, having densities pi and pz respec-^ 
tively. The height in each case is measured 
from the surface of the liq]iid in the beaker 
up to the lower meniscus of the top of the 
liquid column. Let, 

P=the atmospheric pressure and 
P=the pressure of air insWe the tube. 

The i)res8ure on the liquid in the beaker {y) 
—P—g Pi Ai+p, and that in the beaker (arl 
= P=g p2 ^2 ; and they are equal. 

p+g Pi hi-p+g Pth2 ; 
or, hiPi=hfip 2 ; 


Fig. 170— The Hare’s ^ls=82 

Apparatus. 

That is, the densities at e inversely as the heights of the liquid 
columns. 

Knowing one of these, the other is known. 

Note. —(0 It is to be noted that though the cross-sections of the 
tubes do not come into consideration, the tubes should be of modera¬ 
tely wide bore in order to avoid the effects of surface tension. If 
however, there is any rise of the liquid column due to capillarity, 
this should be measured and subtracted from the corresponding 
height. {ii\ Both the tubes need not be of the same bore, as pressure 
depends only on the vertical height It should be tested whether 
the tubes are vertical, [iv) Take the heights after the liquid columns 
are steady, which will not be the case if the apparatus is not aiiv 
tight* (t) Draw a graph with hi and //g (which should .be a straight 
line) and calculate/ij/^ 2 corresponding to the highest point in the 
graph, because that will introduce the least error. 

Examples .—{!) The eroee-seoiiona of iwo lirtAt of a V-Tube are 10 aq. erne. 
«nd 1 eq. mm. t’n area reepeotivelp. The loteer pdrt of both tubes eonta^ mereufy 
(sp. gr. IS‘6). Whea volutne cf water must be poured into the wider tube to raise the 
sm’/aee of mercury in tho narrowlsidte by 1 cm. f {Pat. 1924) 
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The area of cro«s«eectioii of the wide tube is 10 sq, cmt.. and that of the 
narrow tube ia 001 sq. cm. 


In Fig. 171, let A and B be the original positions of 
mercury levels in the two limbs, and O and S the final 
positions. Let 0 and D be in the same horizontal level. 

The volume of mercury raised in the smaller tube 
must be equal to the volune of (ilOxlO) c.c. of water. 

.*. JSjJxics areas.d(7xic8 area ; 

or, lX0'01=d(7 XlO ; or, il0«0'01/10 cm. 

But 4 0 = Bl>. EDm 1+-01/10 a 1-001 cm. 

€ 

The pre8.<i. at G =the press, at D. 

Since, density of,watet = l. 

FO XIX g = I’OOl X13-6 X g. 

,. FC = r001Xl3-6«13-6136cm. 



Fig. 371 


The volume required = 13'6136x 10S!l3yl3£» c.c. 

(2) Mercury (JUnaity 13-6) and a liquid whic^ doee ruit mixunA water are 
planed *n the limbs of a U-tube, and the eurfacea of the mereury and the liquid are 
at 3 and 28 ema. reapectteely from their common aurface Find the denaityofihe 
liquid. Whf change, if any,^ld bepraduMd, if the V.tube ie immeraed whoUv 
in wcOer ao mat U entera into bath the Umba of the tube t (Pof. 1938) 

As in Art. 287(f>), P+A, Pi g=P-f^st fg g. where P xs the atmospheric 
pressure ; *^ = 3 ctns.; P^ —13 b ; Ajj-. 28 cm>. i and the density of the liquid. 

p,x2S=3xl3-6; whence 1-457. 


When the U-tube is immersed in water, the height of water m the limb above 
D.,(Fig. 169) will be greater than that above L ; so the pressure above D being 
greater, the mercury column will be depieased a little and the liquid column will 
be raised up. 


285 . Temperature Correction ;-~Ordinarily tho specific gra¬ 
vity of a substance is determined relative to water at the room tempe¬ 
rature, but if true specific gravity is be obtained it must be relative 
to water at 4®C. If, however, the water is taken at the room tempera¬ 
ture the true specific gravity of the substance would be given by 
the product of the actual value of sp. gr. obtained by experiment at 
^“C., and the sp. gr. of water at r^C. For the true sp. gr. at i^'C. 

as volume of a substance 

weight of an equal volume of water at fC ., 
j^wc^ht of th e same volu me of water at fO. 

weight of the same volume of water at 4'’C. 
s*8p. gr. of the substance at TC. x gp, gr. of water at <“C. 


(N.B —lu the C.G.S. unit, density is numerically equal to sp. gr.) 

**^1 ^ in air and 88 grama in 

eaater. What wmld 0 weigh in a hguid 0 / epetfiffd gravity J'6 f (0.17. 292S) 



254 


HSTEBMEIHATE PHYSICS 




The weifhit of the volume of displaced water sIOO-SSsb 12 gtams. 

Volume of the body ssvolume of the displaced water** 12 c.c. 

The weight of 12 c.c. of the liquid«12X 1*5«18 grams. Hence, the 
apparent weight of the body in the liquid»100—18=:82 gtams. 

(2) A te9t‘iuh9 i$ loaded mth thot» bo that it floato in alcohol inmorBod to 9 
mark on the tube, lJu tuba and thots teeighing 17‘1 gma. The tube ia then plaetd 
«n looter and ahota aided to ainh it to the aama mark ; the tube and ahots now weigh 
BO'S gma. Find the apeeifio gravity of alcohtd. (Pat. 1922) 


The wt. of displaced alcohol whose volume is equal to that of the test>tube 
up to the mark»17*1 gm.«., -and the wt. of the same volume of displaced water 
■20'3 gma. 


Hence, sp. gr. of alcohol=s^^aa0 84. 

A lump of gold mixed with ailver weigha 20 grama. The apedfic gravity 
of the Iwmp ia 15, Find the guarUity of gold in the lump. (Sp. gr. of golds 29% 
aP* 8^' of a^erslO'6.) 


Let Wx be the weight of gold in the lump, and that of silver in the 

lump. 


The volume of goldssTTi/lS'S c.c.; the volume of silver-IT,/10*5 c.c. 

The weight of displaced water, when the lump is weighed in water,5 is 



The sp. gr. of the lump=: 


w eight of the lump in air 
weight of displaced water 


; or, 15 


« 20 . 

w; 

19*3^10*5 


or, 10*5 Wx+19*3 Trj=270*2 ; and 20 gms.; whence W, = 13*16 gms. 

(d) The crown of Biero weighed 20 pounda. Archimedea found that immeraed 
in water it loat 1‘25 pounda. The crown waa made of gold and ailver. Find the 
weight of theee mated*. (Sp. gr. of golds. 19 3 ; ep. gr. of eilver=sl0'5) (Dae. 1941) 


Let lbs. be the wt. of gold, w^ that of silver, then w^-^w^m2Q lbs. 


The specific gravity of gold is 19*3; hence the density of gold=:(19*3x62*5) 
iba. per cu. ft. (aaa Art. 284). Similarly, the density of the sUvex = (10*5X62*5) 
lbs. per cu. ft. 


The volume of golds— 5 ~ 7 r-Tr cu. ft.; the volume of silver--cu. ft. 

iy3X62*5 10*5x62*5 

The total volume of the crown-* ( ^ cu. ft. 

>19*3 10*5/ "" • 


Now, the weight of tlie displaced water-1*25 lbs. The volume of this 
■ef!ate*sn(l‘SX 1/62*5) cu. ft. and this must be equal to the volume of the 
meokm. 


Nonce. ^^4-^ l'’25x 

nwusw, ^193^10.5^A 


62*5* 
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Alio, we have, iP|-f Wf these two eguations we get, 

Wl-15-078 lbs, and w,- (20-“15'078) »i4*922 lbs. 

(^) Th»mat»ofmaaoy^copp€raindltadi9B20v'M.\ the total v<dum U 
30 0 . 0 . Find the volume of eaoh metal. {8p. gr. of oopper=^% 8 ; sp, gr. of 
lead^JV3) 

Let as c.c.*» volume of copper j p c.c.» volume of lead. 

Mass of copper*a!X8'8 gm.; mass of lcad«=yXir3 gm. 

Hence, a:X8’8+yXir3?a320 : and »+p=30. 

Solving these equations, we get, ***7*6 c c,; y=22*4 c.c. 


(5) A oyl^drioal tube one metre long and one oentimeirein internal diameter 
weighe 100 gme. when empty aiid 160 gma. when JiUed up with a liquid. Find the 
epedfic gravity of the liquid. {Pat. 1923y 

. The wt. of the liquid® 150—100=50 gms. 

T The volume of the liquid *= internal volume of the cylinder 

=X (0-5)» X100 = 78*57 c.c. 

* 50 

The density of the liquid ® gms. per c.c, ®0’636 gm. per c.c. 

7o 5/ 


But the density of water is 1 gm. per c,c.; so sp. gr. of the liquid 


«0 636 ^ 


0636. 


1 

iftf d. mixture i» made of 7 c.c. of a liquid of epecific gravity V86 and J c.c. 
of water. The epeeijie gravity of mixture tefouna to be 1 615. Determine the 
amount of contraction. (C. U. 1927) 

Mass of 7 C.C. of liquid of sp. it. 1*85 =7x1*86=12 95 gms. 


Mass of 5 C.C. of water=5 gms. .*. Mass of the miaturtai 17*96 gms. 

i . mass ™17*95_,,,,| ^ - 

Volume ol the 615 


Hence the amount of contraction=(7+5)—1T11=0‘89 c.c, 


(S) A cylinder of iron of epecijic gravity 7'86 andvolumeii&O o.c.flo<Ue on 
mercury. OaUmlate the volume of mercury dteplaced. Calculate aleo the wAume of 
mercury dieplaced by the iron, when water ie poured on the tep of mercury to cover 
the won completely. (Sp. gr. of mercury a 13-6) 

If 7 be the volume of mercury displaced in the hrst case, we have mass 
of mercury displaced amass of iron; or, 7xl3'6“200 x 7 86; .'. 7« 115*59 c.c. 

If 7' be the volume of mercury displaced m the second case. 

the volume of water displaced = (200—7') c.c. 

So the mass of water dxbplaced5=(20U—70X1 gm.; and 

mass of mercury di8placed=(7'xl3*6) gm,; mass of itonaa200 x7*86 gm. 

We have, mass of mercury displaced+mass of water displaced=mass 
of iron. 

or. (7'Xl3*6)+(200-7O xla200x7-86; 

12-6 F^=5=200 (7 86-1)«200 x 6*86; .*. 7'=108*9c.c. 

(p) A block of wood of vpeeifie gravity 0'85 fioate in wster. Some koroeene of 
vpwiMc gravity 0 82 ie 'j^ured on the eurfaee of water until the wooden block m 
co^leHly inmereed. Oaleulate the fraction of the block lying below the eurfaee 
of waiter. 

Let 7 be the volume of the block in the kerosene and V* the 'Volume below 
the water surface. 
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So the total volume of th€ block—7+F^ Wt. of block—(F4-70x0'85- 
The upthnut in kerosene—wt. of F cc. of kerosene=>‘0*82 F gm, 

The upthrust in water«wt. of F^ e.c. of water F' gm. 

Total upthru8ta=!(0‘82F+F0«"Wt. of the biock=as(F+F') XO'85 
0*82F + F' «0-85F+0*85F'; or, 0‘03F-0*15F'. 


or, 


1. nr ^ 1 1 

F “5 ’ • “F'+F ■"l-)-5“6 

Hence 1/6 of the block is below the water surface. 


(10) A body oftpeeifio gravity 2'SOS u dropped gently on the eurfaoe of a eaUy 
lake (ep. gr. 1 OH). If the depth of the like be a quarter of a mile, find the time t^ 
body takes to reach the bottom, (Pat. 1941) 

If m be the mass of the body, the volume of the body s=m/2*505a) the volume 
of the displaced liquid. T 


So, the weight of the 


displaced liquid—1*025^ P 


=che buoyancy, or the upthrust, acting on the body, and the force tending 
to.brmg the body down in the liquidsmp., the wt. of the body. 

Hence the resultant downward force 




^ acceleration with which the body is going down the liquid. 


f»g X 


1 ‘^ 

2^5‘ 


If d be the distance travelled in time 


t, d*J /<.* (the 


initial velocity u being zero) ; or. 


,*_ 2d _ 2X (44 0 x 3)x2 505 _4468*37 
/ 1-48XP ' g ’ 


or, t—sec. 

(11) A cylinder is 2 ft. high and the radius of the boee is 3 ft.; its epeoifie 
gra/oUy m 0 7. It floats with its axis vertical. Find (a) how much of ite assie 
wiU be tmder water, (6) the force required to raise it 1 inch. (Pat. 1930) 

(a) Volume ot the cylinder=^X (3)*X2«= 56*571 cu. ft. 


Sp. gr. of th. of the 

o2 5 

Mass of 1 cu, ft. of the cylinder®635x0 7; 

Maas of the cylindcr=s62'5x0'7x56‘571 lbs.; 

This 18 equal to the mass of water displaced by the cylinder. 

. ir 1 ns ^ ji \ 62 5X0*7X56-571 

.. Volume of water displaced—-- 

sb0’7x 56*571 cu. ft.®volume of the cylinder under water. 

Area of the base of the cylinder=wX3*» ^ 

.*. Length of the axis immersed® (0*7x56*571)‘r^^isal*4 ft. 

’(6) Force exerted by the cylinder^wt. of the cylinder 
®62*5 x07x 56*S71 lbs.*wt. 


4 
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When the cylinder i« t«i»ed 1 inch, <«. when ( ) or^ftofiti 


«xU is undet water, the buoyso'^y of watetaswt. of the water dispUced»62 SXVcd. 
of water displaced in cu. ft.s62*5Xvol. of cylinder immersed 


*62*5X 




wt. 


But the buoyancy when the cylinder was floating with 1*4 ft. under 
water=B62*5X 56*571x07 Ibi.'Wt. .*. The force required to raise the cylinder 

by 1 inch- (62*5 X 56*571X07)- ^ 62*5X^|Z^X 


»62*5X56*571 




147-32 lbs..wt« (147*32 X 32) poundals. 


(12) A cylinder of wood, v>ho$e apeeifie gravity ia 0-25. haa amOher cylinder of 
"melal (epeeifio gravity 8'0 ) attached to one end. The eylindere are 2 inchea in dia¬ 
meter, they have the aame axie, and are reapectwely 20 inc^ee and 1 inch long. If 
the whole ia placed in water, find how much of it will be above the aurface. (0. U. 193S) 


Volume of wood=irx 1^X20 — 20ir ru. m. ; Vol. of mctals=irxl*Xls=ir cu. in. 
rhcir total volume=20it+its=21ir cu. in,; sp. gr. of wood *0*25. 


Mass of 1 cu. ft. of wood—(62*5 XO'25) lbs. Hence mass of 20ir cu. in. 
oi wood* ^ x 62*5X0-25 ^ lbs. And mass of metal- ^^^X62*5x8 ^lbs. 

f TT Vf 62*5 H 

Ihcir total mass* J (5+8) > lbs. This is equal to the mass of the 

displaced water, whose volume* “~|^xAx625= xhx62*5V 

l/« \1728 / 

irX62*5, 


where h**height in inches under water. 


1728 ^ 1728 

or. fc*13 inches. Hence, the height above the surface=21-l3=8aiiches. 


(13) A ahip with hot cargo ainka < inrkea when ahe goea into a river from 
the aea. She diadiorgea her cargo, white a<«U on the river, and riaea fi itwiwa 
and on proceeding again to eea ahe riaea by another y indiea. If flw aidea of 
ithe ahip be aaanmed to be vertical to the awrfaee of water, thow that the apedfie 

gramty cf aea-water ia - - • 


Let at inches *tbe length of 6tde*(of the ship with cargo) immersed 
when in aea-water j^ore going into the nver; 

then *+< inches * the length immersed in river, 

„ „ (without cargo) s 

»+oC-/J—.. «t sea (without cargo). 

Now, if p-»density trf sea-water, and pj^adenstty of river water, we have 
wt. of 8hip+cargo'“P*=Pi (®+<), and 


wt. of ahip—cargosP (aj-f-x.—i8—7)=Pi (»+X—19). 
So, P»*Px («+<) ... (1) 

P(»4X-/5-7)»Pi (»+<-d) — (2) 

Subtracting (2) from (1), P (T-K+jB) -Pj/J; a 


P_ e 
H”" 7-<7-/8* 


17 
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Questions 

1. A piece of iron weighing 275 gma. floats in mercury (sp. gr.3sl3’59) withf 
5/9 of Its volume immersed. Find the volume and Che sp. gr. of iron. 

[Ana.; 36*42 c.c.; 7*56] (C. U. 1946) 

2. A piece of wax of volume 22 c.c. floats in water with 2 c.c. above the 

surface. Find the wt. and the sp. gr. of wax. (C. U. 194/) 

[Ana .! 20 gms.; 0*909] 

3. Why m C.G S. units the values of density and sp, gr. are the same ? 

(C. U. 1947) 

4. A lump of 144 gms. of an alloy of two metals of sp. gr. 8 and 12 lespec- 

tively, 18 found to weigh 129 gms. when totally immersed in water. Find the 
proportion by weight of the metals in the alloy. (Pat. 1939) 

[Hints,—Letwt. of metal A. .*. Wt of metal B - (144—Wi). 

Hence ■■ whence Wi«72 gma^] 

[A»a.r 1:1] 

3. A cylinder of iron floats vertically and fully immersed in a vessel con> 
taining mercury and water. Find the ratio of the length of the cylinder 
immersed in water to that immersed in mercury. (Sp^gr, of mercury* 136; 
gp, gr. of iron ss7*78.) ' (Pat. 1955) 

[Ana. ; 97: 113] 

6. A piece of cork (sp. gr. 0*25) and a metallic piece (sp. gr. 8*0) are bound 

together. If the combination neither floats nor sinks in alcohol (sp. gi. 0 8). 
calculate the ratio of the masses of cork and metal. (U. P. B. 1947) 

[Ant.; 9/22] 

7. A solid body floating in water has one^sixth of its volume above the 

aurface. What fraction of its volume will project, if it floats in a liquid cf- 
specific gravity 1*2 ? ^ 

[Ana.; if] 

8. How do you find the specific gravity o f a solid lighter than water ? 

A piece of cork whose weight) is 19 grains is attached to a bar of silver 
weighing 63 grams and the two together just float in water. The specific 
gravity of silver is 10 5. Find the specific gravity of cork. (C. U. 1925) 

[Ant.: 0*25] 

9. Explain bow you would determine the specific gravity of an insolublo 
powder by the specific gravity bottle. 

A specific gravity bottle weighs 1472 grams when empty, 39*74 grams when 
fined with water, and 44*85 grams when filled with a solution of common salt. 
What is the specific gravity of the solution 7 (C. U. 1934) 

[Ane.; 1*204} 

10. Describe an experiment to find the specific gravity of a solid soluble in 

water. (C. U. 1944 j Pat. 1949) 

11. If the specific gravity of a metal is 19, what will be the weight in water 

of 20 C.C. of the substance ? (C, u, igjy) 

[Am.; 360grams.] 
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12. 60*3 goif. hftve to be placed on the paA of a hydrometer to aink it uo 

to the mark in water and 6*8 gms. only m alcohol* If the hydrometer weighs 
200 what is the specific gravity of alcohol 7 (C. U. 1931) 

[Ana.; 0*794] 

13. Explain clearly how you would determine the specific gravity of a liquid 
by a Nicholson’s hydrometer without using a balance. 

14. You are given a specific gravity bottle, enough kerosene and water, 

heating arrangement and a table of densities of water at vanous temperatures. 
How would you find the density of kerosene *at the room temperature 

being 30“C. ? (Par. 1932) 


CHAPTER XJI 

• PNEUMATICS 

289. The EcartKs Atmosphere :—^The gaseous medium which 
surrounds the earth is called its atmosphere. With this enveloping 
atmosphere the earth continuously rotates about the polar axis while 
moving along its orbit round the sun, the atmosphere being held bound 
to the eartli by the action of gravity. This gaseous atmospliere is a 
mechanical mixture of several gases and its composition slightly varies 
from one locality to another. Besides water vapour, it contains 
about 77% nitrogen, 21% oxygen and 1% argon by weight. The 
remaining 1% includes traces of carbon dioxidi', liminonia, hydrogen, 
neon, krypton, helium, ozone and xenon. The composite gas, like 
liquids, transmits pressure and possesses volume elasticity, and unlike 
liquids, has no free surface, is highly compressible and capable on 
expansion. A definite volume of it has a definite mass and so it has 
got some weight. 

Densities of Some Gases 


Unit 

Hydrogen 

Helium 


Oxygen 

Carbon' 

dioxide 

Air 

Sm /c.c. 

0*00009 

0 000178 

1 

0*00125 

000143 

000198 

0*00129 

Ibs./cu, ft. 


1 0*011 

0*078 

0*089 

0124 

008 


290. Physics of the Atmosphere :—In meteorology two types 
of balloons, the recording balloon and the pilot balloon, and more 
recently rockets, are used for investigations of the upper atmosphere. 
Recording balloons are Hydrogen filled and automatic recording instru¬ 
ments such as tiic barograph, thermometers, etc. are contained in 
them. They finally burst out as they ascend higher and higher. The 
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meteorograph,^ as it lands on the mround, is protected from injury by 
a special device adopted in the balloon. The heights of the balloons 
are observed by an instrument, ce^ed tbe theodolite. 

The gaseous medium constituting the atmosphere cannot expand 
indefinitely as it extends upwards, for the expansion is finally limited 
by the action of gravity The density decreases with the height 
of the atmosphere increasing, but nothing is definitely known as to the 
height to which the atmosphere really extends, though it must have a 
limiting height Estimates vary roughly between fifty to several 
hundr^ miles for fhis limiting height But what is definite is that 
the atmosphere is more and more rarefied upwards and probably it 
is finally reduced to a vacuum in the intersteller space. Even intersteller 
space which is ordinarily regarded as the best vacuum, contains 
traces of matter in the gaseous foim, about one molecule per c.c. 

It IS modern custom to give distinctive names to some definite 
layers of the atmospheric belt depending on tlieu* characteristic 
physical properties which are more or less known now-a-days. The 
atmosphere is divided into four distinct zones known as the (») tro- 

po^phere, (n) stratosphere, (tti) 
oxonosphere, and itv) iono¬ 
sphere including Appleton 
hyer and Heaviside layer. 
Upto a height of about 6^ 
miles above eai’th^s surface, 
the tempeiature of the air dimi¬ 
nishes steadily as the height 
increases. This layer of di¬ 
minishing temperature is 
known as the troposphere 
(Fig. 172). The layer above 
this IS generally called the 
stratosphere Formerly it 
was thought that the tempera¬ 
ture in this region was cons¬ 
tant at about - 60” F. Recent 
researches reveal, however, that the temperature in this region increa¬ 
ses with height, though v^y slightly. A layer of constant temperature 
called the tropopause, divides the troposphere from the stratosphere. 
On the top of stratosphere an Ozone layer has been discovered. 
This layer absorbs the strong ultra violet rays coming from the sun 
and this layer is responsible for reflecting all sound waves travelling 
upwards from the earth So beyond the Ozone layer, the region is a 
valley of silence. It has been confinned now-a-days from stupes wif^ 
r^o-waves that beyond the Ozone layer the upper atmosphere is 
hi^ly electrically conducting, first pointed out by Balfour Stewart 
jum subsequently insisted on by Kcnnelly and Heaviside and is known 
iU)W*'a-days sl<^ the Kennelly-Heaviside layer. A layer discovered 
by Appleton above this layeV has been named as the Appleton 



172—The Ionised Layers 
of the Atmosphere. 
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layer. These conducting layers are only ionised loyera of ihe atoos- 
phere and the existence of many such layers has been proved now- 
a-days as a result of iittensive radio-investigations since the twenties 
of this century. These ionised layers constituting a spherical belt 
round the eartli collectively form what is often referred to as the 
ionosphere. The heights of these layers are liable to boih regular 
and irregular changes during the night or day, and due to various 
celestial phenomena still obscure to us. 

Radio-communication round the globe by the help of short waves, 
has been possible due to the existence of these conducting layers. 

291. The Atmospheric l*ressure :—If tiie whole atmosphere 
over the surface of tlic earth is supposed to be divided into a number 
of layers of air, one above another, then it i.s evident that the surface 
of the earth, or any particular layer of air over it has got to bear the 
weight of the layers above, and is thus exposed to a pressure which is 
called the atmospheric pressure. This pressure at a place will, there¬ 
fore, be equal to the weight of a column of air of unit cross-section 
and height equal to that of the atmosphere above that place. The 
value of tkia pressure is 15 Ibs.-wt per sq. inch, or 1,013,961 dynes 
per sq. cm. approximately ou the carth^s surface and diminishes up¬ 
wards gradually. 

The following tabl^ show'^ how the atmospheric pressure at 
diff*erent placen in India changes with altitude^ t.e. their heights 
above the sea-level. 


Place 

Altitude 

Mean Atmosphenc 
Pressure 

Calcutta 

21 ft. 

762'4 mm. 

Bomba; 

33 „ 

759*3 „ 

Simla 

7233 „ * 

586-5 H 

Darjeeling 

7425 * 

• 

580-2 .. 


292. Air has Weight :— 


Experiments. —(1) Take a fairly large flask fitted with a rubber 
cork dirough which passes a glass tube. To this is attached a piece 
of rubber tubing provided with a clip. Put a little water in tiie flask 
and boil it after opening the clip. After some time close the rubber 
tubing with the clip and also remove the flame. Weigh the flask 
when it is cooled. Now open the clip ; air rushes in ; weigh again. 
The difference between the weights is the weight of the air that has 
entered the flask. 

(2) The following ex|)eriment was done by Otto Von Guericke 
of Germany in 1660 for the first time to prove that air has weight 
A glass-globe, about 4 inches in diameter and provided with a 
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stop-oock, is taken, (Pig. 173). The globe is exhausted as much as is 
possible by an air-pump and the stop-cock is closed. 
The globe is carefully weighed in a balance. The 
stop-cock is then opened and the globe is again 
weighed. The globe is found to weigh more now. 
The difference in weight obviously gives the weight 
of the air admitted into the globe. 

If the volume of the globe is known, the density 
of the air at that pressure and temperature can be 
determined The same experiment can be performed 
with any gas. That is, all gases have weight. 

Air exerts treasure :— 

Experiments, — (I) Rubber Sheet and Glass 
_ Tumbler, —^Tie a piece of thin rubber sheet R air- 

tight over the rim of a gUs^ tumbler Q (Pig. 174) 
Press the other end ot the tumbler (which is also open) on tlie plate B of 
an air-pump after it is well gieased. On gradu¬ 
ally exhausting the air from within the tumbler 
through the tube Thy moans of a ]>ump, it will 
be found that the rubber sheet will be depressed 
more and more until finally it will burst with 
a loud report This shows the pressure of the 
atmospheric air on the rubber sheet. 

(2) Magdeburg Hemispheres :—^Thc 
apparatus consists of two hollow brass spheres 
whose edges are specially designed to fit exactly 
into each other (Pig 175). A little grease applied 
round the edges makes the joint air-tight. One 
of these hemispheres has a handle attached 



Fig. 174 


to it, while the other has an exit-pipe provided with a stop-cock into 

which a handle can be screwed down. When 
there is air inside, the two hemispheres can be 
separated at +he slightest pull but if the air is 
pumped out through the exit-pipe by means of 
a pump and the handle fixed up after closing 
the stop-cock, a tremendous force is required 
to pull the two hemispheres apart. 

Explanation. —^When there is air inside, 
the internal pressure balances the external 
pressure, both being equal. But as the air 
is removed from inside, the external pressure 
becomes greater and presses the two hemi¬ 
spheres from all sides and keeps them strongly 
pressed against each other, requiring a very 
large foitee to pull them apart. When air is 
readmitted again, the internal pressure becomes 
equfd to the external pressure. 



Fig 175- 
Ma^deburg Hemi 
spWea 
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Hiitory i—In 1654 Otto Von Guericke, the Mayor of Magdeburg, a Pruaflan 
Physicist performed such an experiment for the first time in presence of Eihpetor 
Ferdinand III at Regensburg to demonstrate the pressure exerted by the atmos¬ 
phere. He used two copper^remisphercs, about 22 inches in diameter. Two 
teams of horses, eight in each batch, pulling in opposite directions, failed to 
separate the two hemispheres when the air inside was sucked out by an aii- 
putnp first invented by Guericke* As will b^ found lateti the force involved 
is about 3 tons-wt. 

(3) A small rubber balloon, partially filled with air is placed inside 
the rociever of an air-pump. When the air is pumped out, the balloon 
expands and finally bursts when the external pressure is greatly reduced. 

(4) Fill a tumbler completely with water and cover its mouth 
with a piece of stout paper. Press the palm of your right hand 

a on the paper and with the other hand slowly invert the glass. 

' On withdrawing the right hand from the paper, the water will be 
found to remain in the inverted tumbler. This is due to the pressure 
of the atmosphefe acting on the surface of water in the upward 
direction. The puper helps the mass of water to present a flat 
surface, otherwise the mass of water would be divided, aiv would 
enter and thus the water would fall The experiment will not be 
suocossfni, if th<ife is any air within the tumbler. 

(5) Syringe or a Suction Pipe. —Dip the lower end of a 
syringe in water while moving the piston up. Thus, the air which 
is below the piston is rarefied and consequently the pressure of 
air inside tho syringe is reduced. The greater air pressure on the 
outside forces the water into the barrel of the syringe. 

The drinking of a liquid by sucking through a hollow straw or 
tube is due to the partial vacuum created inside, when the greater 
pressure outside forces the liquid up the pipe. 

294. Nature abhors Vacuum. —This expression means that 
wherever there is a partial vacuum created, nature immediately fills it 
up. This was really a teaching of Aristotle. The rise of a liquid in 
a partially exhausted tube, as in the pase of a syringe or a suction pipe 
as described above, was accordingly thought in those days as the 
result of abhorence of vacuum by nature. This belief was prevalent 
until Galileo was invited by tfle D^c of Tuscany to find why the 
water from a deep well could not be raised by the action of a suction 
pump. The water could be raised only to a height of about 28 feet 
from the level of the water in the well. The principle of abhorence 
of vacuum by nature was thus limited in its application and so the 
wise men began to doubt the truth in it, and a search for other 
explanations started. The real explanation came from a celebrated 
experiment carried out in lt)43 by Evangelista Torricelli (1608-1647), 
an Italian Physicist and a pupil of Galileo. 

29$. TorricellVs Experiment :—'The foundation of our 
present knowledge of the atmospheric pressure was truly laid by an 
■experiment of Torricelli which may be described as follows— 

Take a thick glass tube (Pig.176) about a metre lon^and completely 
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fill it up with pure mercury, dose the open end with tile thumb,, 

invert it and open it under mercury contain¬ 
ed in a bowl. The^rpercury falls but becomes 
steady at a height. The height of the mer¬ 
cury column is generally 30 inches or 76 
cms. On slanting the tube, it will be seen that 
■' the mercury surface inside approaches the 
top of the tube, but tiie vertical height 
between the surfaces of mercury remains 
constant until tliere is no vacuous space 
left above the mercury column (Fig. 176). 
This conhtitutes a simple mercury baro¬ 
meter. The space above tiie top of mer¬ 
cury in the tube, though contains a little 
mercury vapour, is known as the Torricel¬ 
lian vacuum, after the uaime of Torricelli. 
This experiment of Torricelli first taught 
tlie world that it is possible to produce a 
Fig. 176 vacuum. 

That tlie space above the mercury 
column is a vacumm can be tested by slowly slanting the tube until 
the mercury touches the top of the tube, when a sharp sound will be 
produced because there is no air present to act like an elastic cushion 
and deaden the sound. 

The downward pressure exerted by the vertical column of 
mercury is equal to the product, height >(■ density x acceleration 
due to gravity. To balance this pressure an equal upward pressure is 
necessary. This pressure is supplied by the atmosphere acting down¬ 
wards on the mercury in the bowl, transmitted through the liquid and 
finally appearing as an upward pressure act 
ing within the tube. Thus the pressure of 
the mercury column is a measure of the 
atmospheric pressure. It is about 15 Ibs.-wt. 
per sq. inch, or I'OlSxlO*^ dynes per sq. 
cm. The height of the mercury column 
is also often used to express the atmos¬ 
pheric pressure, for it is proportional to 
tiie pressure. Thus tiie statement that 
the atmospheric pressure is 76 cms. of mer- 
ctfry means the pressure exerted by a col¬ 
umn of mercury 76 cms. in height, density 
equal to 13’6 gm8/c.c., where the accelera¬ 
tion due to gravity is 981 cm8./sec.®. 

The following experiment will show that 
tiie mercury column in a barometer is sup¬ 
ported by tiie atmospheric pressure and is 
not drawn up by the Torriqellian Vacuum. Fig. 177 

A simple Torricellian barometer is placed inside a tall jar (Fig, 117} 
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fitted on the receiver of an air-pump. As the air is slowly pnmp^ Out, 
the mercury column drops and finally, when the jar is well evacuated, 
the mercury attains alm^t the same level both inside and outside the 
tube. On re-admitting air, the mercury is again forced up the tube to 
the original height finally. If the vacuum above the mercury surface 
was the cause which drew the mercury up the tube, the column of 
mercury would not have fallen with the gradual removal of the atmos¬ 
pheric air from inside the jar. It fell because tlie pressure of the,air 
inside the jar acting on the surface of the mercury in the basin 
outside the tube was reduced on gradual removal of the air. The 
column subsequently rose again, as the outside pressure increased on 
re-admission of air. Thus it is the pressure of the atmosphere which 
^really supports the mercury column in a barometer and the column is 
independent of the vacuum above the imreury surface. 

296. The B/xrometera :— The barometers {baros, weight) are 
instruments for measuring the pressure of tho atmos¬ 
phere. In one type of barometer the pressure of the 
atmosphere is measured by thp weight of a column 
of mercury suppjjrtod by it. It is called a mercurial 
barometer. ‘Mercurial barometers are of two kinds— 

Cistern and Siphon barometers. 

(a) The Fortin*a Barometer —It is a cistern 
type of mercurial barometer. Tho barometer tube is 
filled with pure, dry, and air-free mercury and is in¬ 
verted over a cistern of mercury, /?, called the reservoir 
(Fig. 178). The mercury stands in the tube at a certain 
height depending on the atmospheric pressure at the 
time. The tube is enclosed within a long brass 
casing C on the front side of the upper part of which 
there is a rectangular slit through which the upper 
level of the mercury in the tube can be seen and 
observed by the help of a small mirror placed on the 
back side of the tube. The meniscus of the mercury 
surface is read by a main scale Uj graduated in 
inches and centimetres on either .side of the slit, with 
the help of a Vernier F, worked by the knob jP of a 
rack and pinion arrangement. 

The cistern has its upper part made of a glass 
cylinder F (Fig, 179) through which tho surface of the 
mercury ( M) contained in it can be seen. The glass 
cylinder is fitted in a box-wood cylinder whose 
lower end is closed by a flexible leather bag L 
(usually made of Chamois leather), This bag has a 
wooden bottom N against which the point of the base- 
Bcrw S presses. The screw works through the brass J p* 
casing A which surrounds the reservoir. By tomij^ BaromeS* 
the base-screw, the level of the mercury in the reservoir can be 
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r&UedjtOr lowered at will and finally made to touch the tip of the ivory 
poiater I which w fixed to the lid of the cistern. The tip of the pointer 
is in the same horizontal level as the zero ©I the main scale XI (Fig. 
180). The mouth of the cistern is provided with a seat I of leather 
through the pores of which the atmospheric pressure is transmitted 
from the outside to the inside of the cistern. The barometer tube is of 
wide bore at the upper portion so that the efiFeot of surface tension is 

avoided, but it gradually tapers 
to a narrow end having a bulge 
0 a little higher up, which rests 
on the leather seat I (Pig. 179). 
The end of the tube is made 
narrow in order that there may ^ 
not be oscillations in the mer¬ 
cury during adjustment. 

To read tlic barometer, the 
base-screw 8 is worked until the 
mercury surface in the cistern 
just touches the tip of the ivory 
pointer. This is, called the 
zero-adjustment. The adjust¬ 
ment is accomplished when 
the tip of the pointer appears 
to touch the inverted image 
Fi(?. 179 Fig. 180 produced in the clean mercury- 

surface below. Theu keeping the eye in level with the meroury-surfaco, 
seen in the slit, the vernier V is moved along the main scale U until 
its lower edge (zero mark) appears to be tangential to the convex 
mercury-surface, as shown in Fig. 180. The main scale 
reading below the zero-mark of the vernier plus the value 
of the vernier reading against the main scale gives the 
barometric height at the time of observation. The tem¬ 
perature of the atmosphere is giveu by a thermometer T 
placed on the casing of the instrument (Pig. 178). 

[ Nfote^ For corrections to*be applied to the observed 
barometric height, read Art. 297.] > 

(b) Th* Siphon Barometer is a portable 
type of barometer and is more convenient than a cistern 
type. It has no cistern but consists of a U-shaped tube 
having unequal limbs (Pig. 181). The longer limb A 5, about 
a metre long, is closed at the top while the shorter limb OB 
serves as the cistern. To protect the mercury-surface from 
incidence of impurities, C is closed at the top, leaving a 
email opening at -D to enable communication with the 
external air. fii order that no air may enter into AB when ® 
ibe instrument is inclined, AB and CB are joined by means Fig. 181 
of a tube of narrow bore. The instrument is fixed on a wooden board 
and one scale is fixed on it ^inst each of the two limbs to read the 






PNBU1U.TI08 267 

difference of levels of mercury, which gives the barometric height at 
the time of observation. 

• » 

(c) Th€ WBOther glasB or household barometer is a form of 
siphon barometer. 


It has got a dial in front of the shorter tube, which is graduated 
and marked--^^orm^, rain^ variable, fair, etc. There is some arrange* 
ment by which a pointer moves over the graduated dial and indi- 
catCvS the pressure in inches, and also the probable state of the weather 
in^the immediate future. For this reason it is called a weather glass. 


f (d) The Aneroid Barometer (Fig 

“aneroid” 



182—An Aneroid 
Barometer. 


by means of a type 
' Bapgraph (Fig. 183). 
This is an aneroid 
barometer, where indi¬ 
cations are recorded 
on a piece of squared 
paper by means of a 
pen attached to the 
end of a long lever. 
The squared paper, on 
which a continuous 
record of the changes 
in atmospheric pres¬ 
sure is left, is wound 
on a cylinder which is 
rotated by a clock-work. 


182).—^Literally, the word 
moans “no liquid” ; so the name 
indicates that no liquid is used in this baro¬ 
meter. It consists of a cylindrical box 
which is oxhaust(‘d of air, and dosed with 
a thin clastic metal diaphragm, which is 
corrugated in ordoj- to yield more easily to 
ext(TU‘il pro‘'Surc. The variation's of atmos¬ 
pheric pr<'ssure cause the diaphragm to 
yield proportionally and the change is 
indicated by a pointer connected to a multi¬ 
plying system of levers. 

(«) Barograph.—K continuous record 
of the atmospheric pressure can be obtained 
of self-recording barometer, known as the 



Fig. 183—A Barogiaph. 


297. The Corrections of Barometer Readings :—^The scale 
reading of a barometer requires to be corrected for temperature, and 
then certain transformations {vide Chapter 111, Part II) are necessary 
so that an observed barometric pressure may be compared with die 
standard barometric pressure as defined itt Art. 301. 
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(1) Conectim for Temperature, — A. correction is to be made for 
the expansion of the metal scale (which is ordinarily supposed to be 
correct at 0°G.) with rise of temperature. This corrected height is in 
terms of mercury at the existing temperature. So this again is to be 
transformed to zero-degree cold mercury. 

(2) Transformation to 8ea~Lerel. —^As the value of the accelera¬ 
tion due to gravity diminishes with the height above the sea-level, 
transformation'is necessary so that the observed reading is reduced 
to the sea-level. 

(3) Transformation to 45“ Latitude —^The value of gravity varies 

from place to place on the earth^s surface. It is less at the equator 
than at the poles. For correcting the above two cffecis, (2) and (3), 
the value of gravity at latitude 45° in the bea-lcvel is taken as the 
standard. The height reduced to sea-level *at lahtuie 45“=^ 
jSfll — 0‘00257 cos 2A — l‘96s x 10“^}, where observed height reduced 

to 0°C.; A=latitude of the place and a= height (in cm.) of the place 
above the sea-level. 

The reading corrected for (1), (2), and (3) would* represent the 
height of the mercury column which would be supported^ by the 
existing atmospheric pressure at a standard temperature (?.e. 0"C-) and 
at a standard place {i.e. at tiie s('a-lcvel at latitude 45‘^). 

298. Diameter of the Barometer Tube : —^The height of the 
mercury column supported by the pressure of the atmosphere is not 
affected by the uidth of the barometer tube, for, let 

o=area of cross-section of the tube; A=vertical height of the 
column ; d== density of mercury ; acceleration due to gravity. 

Then, the wt of the mercury column=o h d p=the upward force 
due to the atmosphere by which it is supported. 

Now, if the area is doubled (i.e. 2a), the upward force due to the 
atmosphere will act on twice the area, and so is also doubled. This 
force becomes=2a A d weight of the mercury column which it 
has to support. So the force per unit area, the pressure remains 
the same. 

299. Why the Barometric Height Varies ? Forecasting 
of weather : —Some amount of water-vapour is always present in 
the air. Conti*ary to the popular belief that moist air is heavy, it 
is actually lighter than dry air, the density of water-vapour being § 
of the density of dry air. Hence when there is a considerable amount 
of water-vapour present in the air, the density of the atmosphere, and 
therefore, the pressure exerted by it is less, which causes the mercury 
column in the barometer to fdl slightly. This is the reason of the 
variations in the height of tlie barometer. The presence of much 
water-vapour in die air indicates that rain is imminent. For this 
vgemoPi ^0 barometer is used for forecasting the weather. A low 
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baromeier reading indioates tke presence of mdbh water-vapour in the 
air, which, again, indicates a fall of rain in the near future, and a rapid 
fall in barometric height is.usually accompanied by stormy condi^ 
Uons. On the other hand, a high barometer indicates dry weather. 
It should be noted, however, that the barometer is, by no means, an 
infallible guide to forecasting weather conditions. 

300, Uses of Barometers :—So we find that a barometer can 
be used for the following purposes.—(a) Measurement of the atmos¬ 
pheric pressure; (6) forecasting of weather ; (c) determination of 
the altitude of a place {vide Chapter VI, Part. Hj. 

301, The Value of the Atmospheric Pressure: —Ordinarily, 

the mercury column in a barometer may be taken to be 76 cms. («.e.30 
inches) high and so the atmospheric pressure is equal to the weight of 
a column of mercury 76 cms. in height and 1 sq. cm. in cross-section, 
or the atmospheric ^jressure per sq. inch is equal to the weight of a 
column of mercury 30 inches in height and 1 sq. inch in cross-section. 
For the calculation of the weight, the mean value of the density of 
mercury may be taken to be 13’6 gms./c.c. and the value of the 
acceleration due to gravity, cmB./sec.®. 

In C.G.S. Units: 


Atmospheric pressure—weight of 76 c.c. (=76 x 1) of mercury ; 

=76 X 13*6 X 981 dynes per sq. cm. 

= 1013961 dynes per sq. cm. 

Soj it is approximately equal to one megadyne, i.e. 10® dynes 
per cw®. 

^ The unit pressjire used in meteorology is 1000,000 (or 10®) dynes 
per sq. cm., which is called a bar, one thousandth part of which is 
called a millibar. Thus the tmlue of the atmospheric pressure is 
1013*961 millibars approximately. 


In F,P.S. Units : 

Again, taking 30 inches of mercury as the height of the baro¬ 
meter, atmospheric pressure = weight of «30(= 30x1) cubic inches of 
mercury. , 


We know that 1 cu. ft. of water weighs 62*6 lbs. So 1 cu. inch 

The weight of 1 cu. inch of mercury=13*6 x lbs.-wt. 

1728 


or, 


atmospheric pressure^ 30 x 13*6 x 


62 ^ 

1728 


lbs.-wt. per. sq, inch 


=14*7 Ibs-wt. per «iq. inch 
=15 lbs -wt. per sq. inch (roughly) 
*»15x32=4W poundals (roujily) 
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[So, 80 inches being the height of a mercury barometer, the heig^lt 
of a water barometer will be 30 inches X 13’6=34 ft. approximately.] 


Similarly, to get the height {h) of a glys&rine harometery we have, 
height of water barometer x density of water=height of glycerine 
barometerXrelative density of glycerine; or, 34xl=s/ixr2G (re¬ 
lative density of glycerine=1*26). 


**• ^.=27 ft. approximately. 

1 ijb 

[Note. Pressure is often expressed in atmospheres. When any 
liquid or gas exerts a pressure of 1013,961 dynes per sq. cm or 
14*7 Ibs.-wt, per sq. inch, the pressure is “one atmosphere”^ 


Normal or Standard Atmospheric Pressure, —^For comparf- > 
son of pressures, a standard pressure is necessary. This standard 
pressure (also called normal pressure) is defined to be that due to a 
column of pure mercury 76 cms. in height, at 0°C., at the sea-level 
at 45"' latitude. That is, 
normal pressure=76 x 13*590 x 980*6 dynes/cm®. 

= 1*013260x10** dynes/cm.^ = 1 * 015 x 10 ® dynes/cm.® 
[Density of mercury at 0‘C?.= 13*596 gms./c.c., and thC value of g at 
sea-lev^ at 45“ latitude=980*6 cms./sec.’^J. 

The normal or standard atmospheric pressure is a pressure equal 
to the above and is often used for comparison of atmospheric pres¬ 
sure at different places. 


302. Why Mercury is a convenient Liquid for Baro¬ 
meters ?—A column of mercury only 30 inches high is able to 
support the pressure of the atmosphere, whereas to suppoi-t the same * 
pressure, a column of water 34 ft. high, or a column of glycerine 27 
ft high, will be necessary. For this reason (^.e. due to the high 
specific gramtii) mercury is used for barometers as a matter of con¬ 
venience. Besides this, mercury does not wet glass and does not 
evaporate rapidly. 

Yery little mercury vapour collects in the Torricellian vacuum and 
the pressure exerted by the vapour is negligible. Moreover, mercury 
is a grey shining liquid and can be observed well. 

But the advantage in the case of lighter liquids is that a small 
variation in the barometric height can ^ be observed more accurately, 
for a much greater variation in the liquid level is produc('d in their 
case. For Siis reason Glycerine is sometimes used as a barometric 
substance. Though the vapour of this liquid has a low pressure at 
ordinary temperatures, it has certain objectionable features. Glycerine 
readily absorbs moisture from the atmosphei'e and so its density 
changes. The absorbed moisture let oft' into the Torricellian vacuum 
causes greater and greater depression of the column, as time 
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advances. Water is not a suitable barometric liquid, for it quickly 
evaporates even at ordinary temperatures and causes considerable 
pressure on the liquid column whereby the observed column becomes 
appreciably shorter than truly what it should be. In some countries 
it cannot be used in winter when it will freeze. 

Example.—ITAa /orca taserkd by the atmoephere on a circular plate whose 
diameter is 4’S ft, is equal to 33,800 pounds. Calculate the height of the mercury 
barometer, if the density of mercury is 13‘6 and the weight of 1 eu. ft. of weder 
62’5 pounds. 

Let h ft. be the height of the barometer. Then the force exerted on the 
fplate=sthe weight of a column of mercury of height h standing on the plate. 

The volume of this mercury columns: 

One cu. ft. of water weighs 625 lbs.: hence 15'9 h cu. ft. of water will 
weigh 15-9 fcx62*5»9937 h lbs. 

But mercury is 13*6 times heavier than water ; so 15*9 h cu. ft. of mercury 
wiU weigh 9947 fcXl3‘6= 13514*32xA ; and thi8=33800 lbs. 

or, 13514 32X^=33800; or, fc=2-501ft. 


303. Variations in the Atmosphere t — 

Pressures at Different Altitudes .—As wo ascend through tlie 
atmosphere with ii mercury barometer, the weight of air [)res&iiig 
upon the exposed surface of it is reduced and consequently tlie 
height of tlie mercury column suiipoiied by the air becomes less and 
less as we ascend more and more ; diis is confirmed by experiments of 
Pascal and Perrier ; on the other hand, as wo descend below the si'ii- 
levcl, say, down the shaft of a mine, the weight of air pressing upon 
the surface is increased and so the mercury column is pushed higher 
and higher. It has been found that for low altitudes there is a 
variation of I inch in the barorreetric height for a vertical rise or fall 
of 900 ft .; hut for greater heights this is not strictly true. Hence 
from the variation in the readings of a barometer the altitude of a 
place, or the depth of a mine, can be ascertained. 


It has been ascertained that about 50% of the earth’s atmosphere 
lies within 3j miles and about 99% within 20 miles from the surface. 
The remaining part, ijs. 1 % extends over several hundred miles in a 
rarefied condition. At a height of about 31 miles the pressure of the 
atmosphere is about 30 cms., and the pressure at a height of 20 miles 
is approximately 7 mm. An instnunent, called the altmeter, is used 
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which directly iadicates the pressures and the corresponding heights 
at different levels in the atmosphere*. 

TentpertUure at Different Altitnd&t .—So far as the tempera¬ 
ture of the Atmosphere is concerned, it may be roughly taken to be 
divided into two regions: in the lower of which, c^lod tbe 
“troposphere”, there is a fairly rapid fall of temperature with height 
at the rate of about 5°C. per kilometre, and in the upper region, called 
the “stratosphere” there is appreciably no change of temperature with 
-height The temperature of the stratosphere is about-60°F. The 
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level where the stratosphere begins is not fixed. It changes with the 
seasons and the geographical position of the*place. The temperature 
of Mont Blanc (15,781 ft.) is 3'’F. and that of Mount Everest (roughly 
29,000 ft) is about - 27'’F.; so at very high altitudes the aviators and 
mountaineers may be fre^n to death unless special precautions are 
taken. 


*Reiex to Art. 303 (a). Additional Volume of tht« book fot the deactiption 
of the altimeter. '> 
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^ 304. Homogeneous Atmosphere jft is very difficult to tell 

as to upto what height the atmosphere extends, but knowing iiie fact 
that the weight of a column of air of 1 sq. cm. cross-section, and 
reaching from the sea-level up to the extreme limit of the atmosphere 
will support a column of mercury 76 cms. high, we can calculate the 
extent of the atmosphere taking it to be homogeneous, i.e. of the same 
density throughout beginning from the earth's surface. Taking the 
density of dry air at the earth's surface to be 0'00129 gm. per c.c. 
and the density of mercury 13*6, the height of the homogeiieou-. 
atmosphere would be 

= ^|q^-j|| = 8-012x 105 cms.= 8*012 kms. 

= 8'012/r609 miles, (l milc=l'C09 km.) 
t =4'98 miles or 5 miles (approximately). 

But actually the atmosphere extend', up to several hundred miles, 
for its density gradually (.luniuishes. The density of air at a height 6 
miles above is 4 :, and 15 miles a))ove is of its value at sea-level. 
Opinions vary as to how high the atmosphere reaches : some yuit it 
as high as 200 miles or more. 

305. Pressure on the Human Body :—We know that the magni¬ 
tude of the ])ressnre of the atmosphere is roughly 15 Ibs.-wt. on e\ru'\ 
^q. inch of everything on the surface of the earth. The surface of tin* 
human body is always expo-^ed to this prcssuiN'. The total vurfacf' area 
of the body of a man of middle size is about 1(1 s<piare h'ot. Therefore 
the pressure which a man supports is (J 6 x M ( x 15) Ibs.-wt. or about 
15 tons-wt. It might seem impossible how this enormous pre-">ure 
eau bo borne without any serious damage or, at least, con-.id(‘rablo 
. discomfort; but the explanation can be found in the fact that .a 
bottle full of air is not crushed by the weight of the atmosphere acting 
on its sideii, however thin the wall may be, because the pres-.ure ot 
the air inside the bottle counterbalances the pressure acting on the 
outside. 

• 

If, however, the air is pumped out from inside the bottle, the out¬ 
side pressure would immediately crush fhe bottle. Our bodies aic nut 
closed vessels. The lungs are full of air at atmospheric prc&sui’e and 
the air is carried at that pressure throughout the whole system. Thus, 
our bodies cau easily bear the enormous surface pressure as it is 
counterbalanced by the internal pressure. Indeed, a discomfort i^ 
experienced when the outside pressure is partially removed. In 
experiment [Art, 293 (3)j it was the outside pressure which was 
removed by the pump, and the pressure of the inside air then burst 
the balloon. So, iu rarefied regions at high altitudes the moun¬ 
taineers and aviators experience difj^culty in breathing and some¬ 
times the internal pressure forces out the blcod through the tissue-s of 
the nose and the ear. On the other hand the divers have to work, 
under high atmospheric pressure —sometimes of several atmosphere-? 

38 
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when it is found tliat aii^ dissolves in the blood-stream. The oxygen 
of the* air is absorbed by the blood but the nitrogen tends to separate 
as bubbles through the tissues which causes severe pain and sometimes 
death. This is the reason why the direr should ascend sloinlv in order 
to allow sufficient time for the nitrogen to come out of the tissues 
and escape throiigli the lungs. For example, about tV'O hours or more 
would be necessary to bring a diver safely to the siu^ace from a 
depth of about 200 ft. It has been found by the experiment that it is 
better to supply the divers with oxygen containing helimn, instead of 
nitrogen, as helium dissolves much less tlian nitrogen in tlio blood 
and it is also got rid of more quickly and so the diver can come to 
the surface in much loss time. 

306. Balloon and Airship :—It follows from the principle^ 
of Archimedes tliat if the weight of a body is le.ss than tliat of the 
air displaced by it, the body will be forced up, or buoyed up as it is 
called, aud will rise ill the atmosphere. The diflerenee between the 
weight of tlie body, and that of the air displaced by it, is called the 
'^lifting power” of the body. The principle is a]i])lied in a balloon or 
airship^ which contains st'me gaseous siibstaneo like hydrogen, or 
helium, which is lighter than air. The combined wtight.of the gas, 
engine, passengers, etc. mus’ be less than the weight of the displaced 
air in order that balloon may rise. 

At greater heights the pressure of the air is smaller and so a 
balloon tlicre displaces a smaller weight of air. 

An airship, which has a light rigid framework and also engines for 
propulsion, works on the same principle as the balloon. Though 
either hydrogen or helium may be used in airship, hydrogen has the 
great disadvantage that it is highly inflammable whereas helium is 
not; ''0 with helium the risk of accident is much reduced. The 
advantage with hydrogen is that it is much lighter and cheaper. 

307. Parachute ;—^The parachute is a device like that of an 
umbrella, which resists the falling of a body by putting up air resis- 
tiince, i.€. it acts as an “air-brake” to a falling body. 

308. The Lifting Power of a Balloon :—If d be the density 
of the air, d* the density of the gas in the balloon, V the external 
volume of the balloon, whic‘h is the volume of the displaced air, and 
V* the volume of the gas, tlie weight of the air displaced, i.e. the force 
of buoyancy due to air= Vd, and the weight of the gas in the balloon 
= F'd'; the total liftino power—{Vd- V'd'). In practice V is very 
nearly equal to V', so the total lifting power reduces to Vid — d'}, part 
of which is used to raise the balloon itself, and the remainder goes 
to raise its passengers and cargo. The density of hydrogen=0'0694 
X density of air. So for a balloon filled with hydrogen, the Uftinc/ 

F(d--0'0694x 0*9306 Fd. For a balloon filled with 

helium for whidb d'~0‘1388xd, lifting power« F(d-'0*1388d)= 
0*8612 X Vd. Thus, it is found that though helium is twice as dense* 
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as hydrogen, the lifting power of a balloon filled with heliam is 
almost equal (93 per cent.) to that of a similar hydrogen-filled 
balloon. 

Examples —(.1) ^ spherical balloon 4 metres in diameter is filled with hydrogen 
gas {density ^ o/ that of air). The silk envelope of the balloon weighs 250 gms. 

ilO 


per square m^re. How imeh hydrogen is required to fill it and what weight can it 
support, the weight of a litre of air being T293 gms ? 

The volume of the balJoon=|’rx2®—33‘52 cubic metres, and the surface 

area of balIoon=4«’X2*=50'285 sq- metrcf. (The wt, of 1 litre of air is 1*293 
gms.). 

Since the wt. of one cubic metre of aiT=r293 kilogram, 
the wt. of air displaced by the balloon=33 52X12935*43*34 kgras. and the 
^ wt. of hydrogen filling the balloon 

1 1 

* Xwt.ofthc same volume of airs= X4334*3 333 kgms. 
lo 13 


The wt. of the silk envelope is 250 gms per sq. metre 

250 

* 2000 ^‘J* 

.*. The wt. of the silk envelope oi .be balloon*50*285X =12*571 kgms. 

Hence the'wt. of hydrogen in the balloon+its envelope* 12‘57J+3*333 kgms. 
So the wt. which the balloon can support =43*34—(12*571+3*333)=27*436 kgms. 
This i' the hfting power of the balloon. 

(2) A litre of hydrogen and a litre of air weigh about O'09 gramme and J 8 
grammes respectively at a certain temperature (t) and pressure (p). What wautd be 
the capacity of a balloon weighing 10 kilogrammes, whirl* just floats when filled 
with hydrogen having the same pressure (p) and the same temperature (t) as the air f 

{0. V. 1912) 

Let V litres be the volume of the balloon Mass oi hydrogen enclosed in 
the balloon= TX0*09 gms. Mass of air displaced by the balloon* FxTS gms. 

When a body just floats in a fluid, the wt. of the body is equal to the wt. 
of the displaced fluid. Hence wt. of balloon+wt. of hydrogen in it*wt. of 
air displaced by the balloon ; 

or, 10X1000+FX009*FX1*3; or, r=^™=*®26446 litres (nearly). 


309. Boyle*s £mw t—Hohovi Boyle (1027-1691), an Trishmau, 
first established the exact relationship between the pressure of a con¬ 
fined mass of ga.s and its volume when they mo varied at a constant 
temperature and the law named aCter him may bo stated as follows— 

Temperature remaining constants the volume of a given 
mass of gas varies inversely as the pressure. 

Thus, if P be tlie pressure and V the volume of a gas, 


1 1 

we have, P«-^; or, P=Xy, where .S'is 


a 


constant whose value 


depends on the mass of the gas taken and its temperature. 

Thus, PV^K. 

If the pressure P be changed to Pi at censtant temperature, and 
the corresponding‘volume becomes Fi, we have, PiFi = .ff. But 

PV^K. 


PiFi=PF. 
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Thus, if a given mass of a gas at constant temperature has 
volumes Fi, Fj, F*, etc. under pressures Pi, etc. respectively, 

then, by Boyle's Law, we have, PiFi=P 2 F 3 = P 3 F 3 =.=a 

constant. 


310. Presture and Density: —Boyle's Law may also be 
expressed in terms of the pressure and density of a gas. Thus, let a 
given mass of a gas at a given temperature have a volume Fi and 
density under a pressure Pi, and a volume F 2 and deu^ity 
under a pressure P 2 ; then, since the mass m of the gas remains the 
same, we have 

m=di Fj ; or, di/d 2 = F 2 /F 1 .(1) 


Thus, the density of a given mass of a gas is inversely propor¬ 
tional to its volume. But by Boyle's ijaw Pi Fi = P 2 Fs ; 

Fo Pi . d-\ Pi p 


Fo_Pi, . ^1= ^i...froin (1)* 

Pi IV" da P2 



or, the density of a gas at constant tem¬ 
perature is directly proportional to its 
pressure. 

P\ld\, i.e. the ratio of pressure* to density 
of a gas is con.stant at cou&taiit temperature. 

311. To Verify Boyle^s Law :— 

Expt —Boyle's Law can be verified by a 
Boyf(’x Law tube apparatus (Fig. 185), wlu<‘h con¬ 
sists of a glass tube ABoi uniform bore, conncct<Hl 
by ineaus of a flexible rubber tubing P to om* end 
of a sliding glass tube Tof .somewiiat wider bore 
and open at the top, ^lle clost'd tube is partly 
filled with dry air, and the rubber tubing witli 
some i>ortion of both the glass tubes is filled 
with clean mercury. The volume of the air in 
is increased or decreased by sliding the tube 
T downwards or upwards. The tubes are moun¬ 
ted on a vci’tical adjustable wooden board provi¬ 
ded with a graduated scale fixed between the two 
tubes for tlie reading of the heights of the mercury 
levels in the two tubes. 


Fig. 185— Usually the tube AB is graduated from the to]> 

Boyle’a L^w Tube, downwards to give the volume of the enclosed air 
directly. Some tubes again are not graduated. In their case, the 
volume of the air enclosed is given by the length of the air-column 
above the mercury-level multiplied by tlie cross-section of the tube, 
which is uniform That is, the volume is proportional to the length 
of enclosed air-column. This length is determined by means 
of the attached vertical scale from the difference of the readings 
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corre'^pondirg lo the taji o£ the tube and to the level of the mercurj’ 
in tlio tube. 

Wlion the mercury levels in both the tubes are the same, the 
pressure of the enclosed air is atmospheric. If the level of mercury 
in the wider tube is higher than that in the other tube, the pressure 
of the enclosed air is atmowheric pressure plus the difference of the 
two let eh of mercury ; and if it is lower, theii the pressure is atmos¬ 
pheric pressure minus the difference of the tuo levels. 

In an experiment for the verification of the law, the volume of the 
enclosed air and the eom'spondiiig pressure arc determined for 
][^(lifferent heights of the mercury column in the tube T. 

To verify thc‘ law for pressures greater than the atmospheric 
pressure, all the readings for pressure are taken keeping the level oi 
mercury in the wider tube higher 
than that in the other tube ; and for 
pressures lower than the ntmos- 
phciic pressure^ •the level of mer¬ 
cury in the Vider tube should al- 
v^ays be lower than that in the 
Oth(T, 

Plot the result > on a squared 
paper where the abseissee represent 
the jircssures, and the ordinates 
the corresponding volumes. The 
eurv’(‘ will be a rectangular hyper- 
' bola (Fig. 18(i). 

Blit as J*is proportional to l/F, 
a straight hue is obtained if P is 
1 dotted against 1/ V. 

Precautions — For the snceess of*the o\perhnont with a Boyle’-. 
Law tube apparatus, the following precautions should be taken— 

(a) The air enclosed in the tube AJl must be perfectly dry. 

(/d The scale by which the^nKTCurj levels arc read must be 
accurately vt-itic<il. 

(e) The volume of the enclosed gas must be changed slowly sio 
that the temperature of the gas may remain-constant during"' compres¬ 
sion or expansion. 

(/?') In view of tlie variation in the atmospheric pressure during 
the experiment, the barometer should be read at the beginning and 
also at the end of an experiment, and the mean of the two readings 
should be taken. 

Verification by Graph —^If a straight line results on plotting 
P against 1 / F, this is a verification of the law. It should be known 
that a straight-line graph is a far more conclusive evidence than a 
curv’ed line graph for the verification of sqme law. 



Fi){ 186—Boyle’s Law Curve. 
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The law can be verified i;raphically even without a knowlcdsje of 

•the atmospheric pressure. 
To do this, plot the excess 
of pressure, is. pressure 
above the atmospheric 
pressure, against IjV 
when again, a straight 
line will be obtained (Fig. 
1 87); for we have PV^K, 
a constant; {11+JC) T = 
iT, or H+X^EIV^^ 
K7 ■ ••(]), 

where 27 rcprcsent‘s 
the atmospheric pressure, 
X the excels of pressure, 
and 7 stjinds for 1/ V. 

This is an equation of a straight line. So, if the graph of X, the 
excess of pressure, and F, i.e. 1/ V, gives a straight line, the law is 
verified. 

Determination of Atmospheric Pressure. —The graph just 
described provides a method of knowing the value of 72, the atmos¬ 
pheric pressure. For, when IjV is zero, I1+X==0, or 11=-X. 
lienee H is found. 

312. Isothermal Curve : —The expansion or compression of a 
gas at constant temperature is said to be isothermrtl (Grk. Jsos^ equal; 
thermoSj heat) expansion, or compression and the curve by which the 
relation between pressure and volume at constant temperature is 
represented is said to be an isothermal curve, or simply an isother¬ 
mal, The curve, shown in Fig. 180, obtained by a Boyle's Law 
experiment, is an isothermal curve. 

313. Deviations from Boyle*s Law ;—It should be noted that 

for all practical purposes Boyle’s Law is true for the gases like 
oxygen, nitrogen, air, hydrogen, etc. called the permanent The 

permanent gases obey Boyle’s Law under moderate pressures at 
ordinary temperatures But at large pressures almost all gases deviate 
from the law more or less. A gas obeying Boyle’s Law accurately 
at all pressures and temperatures is called a perfect gas, but no such 
gas exists really {vide Chapter IV, Part II). 

314. Verification of Boyle*s Law by Another Method :— 
Boyle’s Law can be verified more simply by taking a glass tube AB 
about a metre long having a uniform bore of about 20 mm., closed at 
one end A and open at the other end B. The tube contains a mercury- 
index DC about 25 was, long which encloses a column of air AD 
(Fig. 188). 

Procedure .—Bead the barometer and let P be the correct atmosphe¬ 
ric pressure. Hold the tube vertically with the open end downwards. 
The atmospheric pressure in this case presses upwards on the mercury 
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column ; 80 tlie pressure of the enclosed air is {P-h), where A is the 
length of the mercury-column. Measure h and li, 
the length of the air-coluMn AD, 

Now clamp the tube with the open end upwards. 

The pressure of the enclosed air now is (P+A). 

Measure /g? the length of the air-coluran now. 

If a is taken to be the cross-section of the tube, 
the volumes of the air enclosed in the two cases arc 
all and n/g- Now, by assuming Boyle^s Law to 
bo true, we have {T-'h)ali=^{P+h)al 2 , 

P— h ( 

ij . I. ~j from which P can be calculated. 

J: h L\ 

y The result can be chechsd up by measuring the 
length of thcair-eoluninwhcn the tube is kept borizontal. The"pressure 
in tins case is P which can easily be calculated. Thus, by this method, 
we can approximately determine the atmospheric pressure. 



In order to have more readings for the verification of Boyle’s Law 
by the above method, the tube can be clamped at various .angles with 
the open end jiip 01 *down. In these cases A will be the difference of 
the two vertical heights (Ag and hi) of the two ends, utiper and lower 
of the mercury-column, which can be measured by using a plumb line. 
The pressure of the enclosed air in these cases will be P± (A 2 *"Av) 
according as the o))en end is up or down. All the results obtained in 
various positions of the tube can be tab!datcd, aurl it will be seen that 
the product of the pres.sure, PtiAg-Ai), and the length of the air 
cokinin and so the volume, will be constant in each case. 


► 315, Faulty Barometer : —A barometer containing pome air in 

the tube will always give faulty readings ; the air will expand and 
depress the’ mercury-column to some extent. To test whether the 
barometer tube contsiins air or not, incline the tube sufficiently, or 
screw up the bottom of the cistern in the casing of Portiu’s barometer 
until the whole tube will be filled with mercury, if there is no air in 
it. But if there be any air in the tube, it will always be left in the 
tube .and so the tube cannot be completely filled up with mercury, 
however much the tube may be inclined or the bottom may bo 
screwed up. 

As the mercury rises and falls, the enclosed air obeys Boylf ‘’8 Law 
and hence it is i)Ossiblc to determine the correct atmospheric pressure 
with such a faulty barometer by the application of Boyle’s Law as 
follows— 

OHermination of Correct Pressure. —^Ijet hi be the height of 
the mercury-column and li the length of the air-column in the tube 
of a faulty barometer. Now raise or depress the barometer tube in the 
cistern so that the air-column is about double or half of what it wa',. 
Bead the new height A 3 of the mercury-column and the length 1 2 of 
■the air-column. If P be the correct atmospheric pressure, we have^ 
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by applying Boyle^s Law, (P-Ai)xoZi=(P-fc 2 )>^o^ 2 » where a i« 
tlie cross-section of the tube. From this P is- determined. 

Example -—A faulty barometer reade 76 erne with a epaee 9 erne in length above 
the mercury in if, when the true barometer reade 71 erne What te the correct atmoe 
phene preeeure, when the faulty barometer givee a reading of 11 erne, f 

It should be noted that the voluitie of air in the beginning is (9X0 c c 
and when the barometer reads 75 cms. instead of 76 ems, the volume of ait 
above the mcrcurs-surface becomes (9-f (76—75)|a(=*=l0x. where oC h the cross- 
section of the tube " Hence, as explained above, we have 

(77-76) X(«CX9)=(P-75)X10<. or, 9=10P-750,ie P=75 9 cms. 

316. Measurement of Pressure of a Gas :— 

Manometers or Pressure Gauges —Any device used for thi 
measurement of ]}res&urc is generally called a manometer or pressure 
gauge. In the case of the instnimcnt which is used for mcasui ing 
the atmospheric pressure, however, the manometer is i>articulai 1} 
called a barometer. A manometer used for measuriug low pressures 
such as in electric bulbs, radio-valves, x-ray tubes, etc. is called a 
vacuum gauge, though often times manometeis measuring ordinar% 
low pressures below atmospheric also go by the same name, 'i’hi* 
same manometer is not suitable for use in all ranges'of jircssures and 
so modified tyjies of manometers have been devised to meet sucli 
needs. The following simple instruments may be used, according 
to their suitability, in different ranges of pressures. 

(i) Open Tube Manometer. —^When the pressure to be measured 
is nearly atmospheric and differs from it only by a small amount, 
an open tube manometer is a convenient instrument. 

The instrument consists of a glass U-tube (U) open at both ends, 
containing a liquid of known density (Fig. 189). The liquid used ma> 

bo water, oil, or mercury. If the liquid used 
is mercury, the instrument may be used to 
measure pressures, say, from ^ tolj atmos¬ 
pheres. One end of the U-tube is connected 
to the vessel V in which the pressure is to 
be measured. The other end is open to the 
atiii©sphere. If the pressure of the gas in 
the closed vessel is the same as the atmos¬ 
pheric pressure, there will be no difference 
of level, and in other cases, there will be 
a difference of level h between the surfaces 
A and B of the liquid in the two limbs of 
the U-tube. If be the density of the liquid, 
the pressure of the enclosed gas in V— 

^ ^ atmospheric pressure ± h. d. g. Thus, the 

Height h* of the liquid column in the open tube measured from 
the top of the liquid column in the other limb gives a measure 
of the difference between the pressure of the enclosed gas and 
the pressure of the atmosphere. 

If the level in the open tube A is higher than the level in the 
connecting limb as in Pig, 189, the plus sign is to be used and the 



Fig. 189—An Open Tube 
Manometer. 
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pressure of the gas in V is greater than the atmospheric pressure ; and 
if the level in A is lower J;han that in JB, the minus sign is to be used 
and the pressure of the gas is less than the atmospheric pressure. 

(iO Closed Tube manometers. — (a) When the pressure to be 
measured is only a small fraction of the atmospheric pressure, one 
limb of the U-tube is scaled (Fig. 190) after the space above the 
mnnoinetric liquid in that limb is eva<‘uated. The atmospheric* pressure 
being thus eliminated from that limb, the gas pressure (p) of the 
(Miolosed gas F will be indic'ated by the liciuid column h, and will 
bo given by, p — h'X.dy.g. 

{h) For pressure.s, say, above 1^ atnios]jhere& and upto moderate 



Fig. 190—A Manometer for Low Fig. 191—An Atr-manometer 

Pressure**. 

pressures, a convenient instrument is an air-manometer (Fig. 191). 
Tills is a U-tube with the bend filled with some convenient liquid. 
The sealed-up limb A contains some dry air above the licpiid surface. 
This air gets compres.sed as tlic end B is eonnocted to the vessel (F) 
containing the gas under pressure. The sealed-up limb is graduated 
so that the pressure (which is inversely proportional to the volimic ol 
the air in A) can be directly read off from it. 


Hit) The Bourdon Gauge .—^Wben the pressures to be measured 
differ greatly from the 
atmospheric pressure.*, 
both above and below ff 4 

such as those in steam /1 / \ K i5o^jl| 

boiler'-', compressed air-n jj BIM W Blj| 

reservoirs, condensers, \\ jJ ^ 

etc. or in evapoj-ators, 

a l^ourdon Gauge 

whic’h is a metallic JjB 

pressure gauge, is }) 

generally used. Fig. . . 

i92{n) represents how ' _ 

the instrument works, Fig. 192-Th« Boutdon Gauge, 

while Fig 192(6) illustrates the appearance of the instrument 
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The instrument consists simply of a hollow-tube BAC open at B 
to be connected to the supply and closed at other end C. It is a 
spring tube usually made of a special quality jof bronze or sometimes 
of brass and is of elliptical section. The pressure of the ‘■upply 
changes the cross section of the tube to more and more circular form 
until the stress developed in the material of the tube is balanced by 
the pressure within, and due to this change in cross-section, the free 
end C of the tube is displaced fi om B. As a result, the pointer P 
connected to it moves over a circular S(‘ale. The instrument is pre¬ 
viously graduated by reierring to a standard gauge. Since the mano¬ 
meter tube is surrounded by the atmospheric air, the movement of C 
measures the excess or defi( it of the internal pressure referred to the 
atmospheric pressure. To get the absolute pre''‘«urc of a high pressure 
supply, the atmospheric pressure at the place of observMtion at 
the time of experiment i*- to bo added to the pressure indicated by 
the gauge.* 

317. Evangellista Torricelli ( 1(308—1G47 )—A pupil of 
Galileo who succeeded him as matin inaticlan to the (hand Duke of 
Tuscany. He is a contemporary of i*asc.d. Both of them lived a 
very short life. 

He was a born experimenter. lie showed how small beads of 
glass when melted could be used a^i lenses of high magnil’jmg 
power. He discovered a l.iw named after him, eonceimng the 

flow of liquid from openings in 
a tliiii wall, and perhaps was the 
first worker in H> drod> namics 
as contrasted with the science of 
Hjdrostfitios founded by Archi¬ 
medes. His greatest achiev cment 
however, lies in the construction 
of a ‘barometer’ Galileo had 
already measured the atmos¬ 
pheric pressure by raeaii'- of a 
water-column in the tube of a 
deep well in Florence, though he 
was testing Hhe power of 
racuiAm\ an idea originating 
from Aristotle. Torricelli picked 
up the idea from him and in 
collaboration with Viviani tried 
a mercury-column in place of 
tlie water-column. 

318. Robert Boyle :—He 
was the fourteenth child of 
Richard Boyle, the great Earl of 

*Fot the principle of the Mcleod gauge which » used for the measurement 
of low pressures, refer to Art. 316 (iV)- Additional Volume of thu book. 
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<^ork, an Irish County and was a man o£ ineans. After receiving 
education in a Jjondon 


School he went on an exten¬ 
sive tour tiiroughout the 
continent particularly Italy 
where he studied Galileo^s 
work. On return to England, 
he lived in a house where 
men of science used to meet 
and debate scientific topics. 
It was this debating club 
which was transformed into 
rthe Royal Society iii 1()(<2 by 
Charles 11. After (Tuonke 
had invented the air-pump 
he began to study the pro¬ 
perties of gases with it. It 
IS he who first devised the 
plan of trapping some air 
above tho, mer^iry in the 
< loscd limb of a U-tube with 
the other limb kept open. 
The picssure of the enclosed 



air thus could be varied at will „ , _ , 

by setting up difFcrerit heights ^ Robert Boyle 

ot the mercury in the open limb This led finally to the important law 
known as Boyle’s Law. Edrac Mariotle in Pans disi overod the same 
law independently near about the same time and so in tho continent 
this law is often called the Mariotte’b I^aw. Perhaps he is the first 


man who made a systematic study of the elements by chemical 
aiiahsis and be is considered to be one of the foundi rs of chemical 
analysis. The detection of hydrogen chloride gas by ])recipi<ation with 
silver solution, of iron by tiiictujc of galls, ^f acids by means of 
papers dyed with vegetable colouring matters are a few of his out¬ 
standing contributions to science, ile discovered how sound is 
propagated through air and inirestigated the refractive powers of 


crystals. 


He was a jealous supporter of Christianity and spent a huge sum 
of money to propagate ite superiority and with that object founded 
the Boyle’s Lecture. 

Example! —(1) What volume dost a gramme of hydrogen occupy at O'C. vfhen 
the height of the mercurial barometer ie 7 SO mm {Ice. of B weighe 0 000089SS 
^jram. at 0 0. and 760 mm ) ? 

0 00008958 gram, of hydrogen at N. T, P. occupies 1 c.c. 

I gcam. of hydrogen at N. T. P. occupies l/0’00008953 c c. 
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If F c.c. be the volume of one gram of hydrogen at 0°C. and 750 mm„ we have 
by Boyle’s Law, 


Kx750! 


0-00008958 


X760; or, F=: 


0-00008958 750 


! 11*312 litres (nearly). 


(2) What it the depth in water where a bubble of air would fuet floaty when the 
height of the water baromeUr it 34 ft. ? Given that the matt of 1 cubie foot of wafer 
it 62'6 Ibr., and that of air it Sjd oz 

Let h ft, be the depth at which the bubble would just float, when the 
density of air is d, and let d' be the density at the atmospheric ptessuie ; then 
we have, 


by Art. 310, =^. But since at this depth the bubble of air just floats 

A-|-34 d • 

the density of air is just equal to the density of water ; so 

34 ,_5/4__ 

A+ 34 densjity of water (62*5x16) 
or, A««i27166 £t.«9055 yds. (approx.) *5*14 miles. 

(3) At what depth in a lake will a bubble of air have one-half the volume it 
will have on reading thx turf ace f The height of barometer at the time it 76 emt., 
and the deneity of mercury IS'6. {All. 1928 ) 

Let the volume of air-bubble at the surface be Fee. and the depth below 
the surface at which the volume of the bubble is V/2 be a; cms. 

a cms. of water exerts the same pressure as »/13*6 cm. of mercury. 

Hence, the total pressure on the bubble at bottom*76+,„ ,cm8. 

13 o 

)x|=76r; 


Then, by Boyle’s Law we have, (76+ 


X 

13 ^ 


or. 



»*76X13’6=1033*6 cms. 


(4) A barometer readt 80 inehet and (he tpaee above mercury it 1 inch. If a 
quantity of air which at atmoepherie preeeure would occupy 1 inch of the tube it 
introduced, what will be (he reading of the barometer f {All. 1931) 

Let a bv the area of cross-section of the tube, so the volume of air occu¬ 
pying 1 inch of the ttflie^axl, and the pressure of the above air, before it is 
introduced in the tube=30 inches. 

When air is introduced, let the faercury-column come down by x inches 
which, then, is the pressure of the introduced air, the volume of which is 
(aj+l)xacu. inches. .-. By Boyle’s Law. SOXoXl^axfas+llXo ; 

or, a*+*-30*0: or, (a:—5)(*+6)=0 ; or. »=+5or, —6. 

According to the first value of x, the reading of the barometer will be 
30—5^:25 inches ; and according to the other value, the reading will be 
30•(—6)^36 inches. But ai the final reading, after air is introduced, cannot 
be gieater than the original, the second value is not admissible. 

(il) A tiphon barometer with a little air in itt ‘vacuum* indieatet a preeture. of 
only 72 centimeiret, and on pouring tome more mercury in the open limb until (he 
vacuum ie diminithed to half itt former bulk, the difference of the levelt becomet 70 
eentimetree. What it (he true height of a proper barometer ? {Pat. 1922) 

Let F be the volume of air in the tube and p the pressure exerted by this 
volume of air before mercury was poured in. 

The true height of the banf>mcter=72+p. Then F/2 is the volume of 
this air after mercury was poured in. Let the pressure exerted by this volume of 
ait be Px, The true height=70+3Ji. 
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^ Then, we have, by Boyle's Law, pF ^pi xVjZ. ; /. p^^Zp. 

But the true height of the barometer before pouting in mercury s72+P. and 
after pouring in mercury=70 -HPi ; 72+p=a70+jJi*70+2p j 

/. pssZ. Hence the ttu^*height of the barometer s72-}-2a 74 cms. 


(0) A tubs 6 feet in length cloeed at one end ie half filled with mercury and is 
hen inverted with ite open end juet dipping into a mercury trough. Jf the barometer 
etande at 30 inohee, what will be the height of the mercury ineide the tube * 

{C. U. 1931) 

Let X ft,=height of mercury inside the tube when inverted. The initial volume 

6 30 

of atr occupies ^ or 3 ft. length, and the initial pressure ft,; the final volume 

=k( 6 -a;) ft. in length, and the final pressure-" (S-) ft. Then, by Boyle’s 

f,w, 3x“ = (6-*)x (“-«). 

.■ 2®*-17®+ 15 = 0; or. (*-l)(2®-15)=0 ; 

Hence ®=1 ft. ; or, ^ or. 7^ ft. 

The second root is not admissible ag the height cannot be 7^ ft, e, longer 
than thfc tube.^ The required height=l ft. 


< 7) The height of the mercury barometer ie 30 inchee at eea-level and 20 inekee 
at the top of a mountain. Find approximately the height of the mountain, if the 
density of air at eea-level is 0 0013 gm per c c. and of mercury 13'5 gm. per c c. 


«« 1..’. T the densitv of air at top of mountain_20 _2 

oy noy: i.aw. - ^ ; 

Density of air at top=^X0 0013 = 0*00386. 

Mean density = J (0 0013+0 00086) =0-00108. 

The difference of pressure at the two points is equal to the weight of 
(30-20) inches of mercury standing on one square inch, i.e. of 10 cubic inches 
of mercury. 

Now. considering the atmosphere to homogeneous having its density 
equal to O'OOIOS. it can be found what column of this air will be equal in 
weight to a column of mercury 10 inches high. Hence, if h be the length of the 
air-column, we have • 

_ __ h _ _ densitv o f mercury. h _ 13‘5 

length of mercury column density ot air ' ' 10 0 00108 

A«_^^^‘^Xl0»125000inches = 10416 66ft. (nearly), 

U UwXUO 

[S) A bubble of air rises from the bottom of a laJce and tie diameter sa doubled 
cn reaching the surface. Find the depth of the lake. 

Volume of a 8phere=^sr (radius)^ (diameter)*, 

3 8 

Vol. of air-bubW^e at ^ttom_ as^ 

Vol. of air-bubble at surface. i-7r(2XdiaUuecei)* 8’ 

Volume at surface=8 times volume at bottom. 
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Therefore, if V be the volume at bottom, P its pressure and F'the pressure of 
the atmosphere, we have, by Boyle’s I-aw, PV =P'xSV ; P=>8P\ 

That is, the pressure at the bottom is 8 times t^e atmcspheric pressure. 

Now. taking the height of the water-barometer as 34 ft., the pressure 
increases by 1 atmosphere for every 34 ft. descent into the lake. The diffeience 
of pressure on air-bubble at the surface and bottom is (8-1) or 7 atmospheres. 

The depth of the lake=34x7=238 ft. 

(9) An empty beaker fleate in water with He bottom upwards and ite gradually 
pushed down in ihat^poAitton. Show that after reaching a certain depth the beaker 
loses all buoyancy and sinks of itself. {Pat. 1941) 


Let F CO, 



be the capacity of the beaker ; so it is the volume of air within 

the beaker at atmospheric pressure. When 
the beaker is forced down, the pressure 
on the enclosed volume of an increasesf 
and the volume of air within the beaker 
is diminished. Ac any moment the volume 
of water displaced by the beaker=volume 
of air within it plus the volume of the 
material of the beaker (Fig. 193). Let h 
cm. be the required depth below the sur¬ 
face when the beaker loses all its buoy¬ 
ancy and sinks of itself ; then at tnis depth the weight W of the beaker = wt. of 
water displaced; 

or, ^heie W is the mass of the beaker, d the density of 

material of the beaker and v the volume of air compressed at depth h ; 

or, v=W—Wld ... ... ... (1) 

Now. if £f be the height of the water-barometer, we have, by Boyle’s Law, 

VH (at the surface)=v(fi + h), at the depth h ; 

or. FH=(F-r/d) (H+h). fiom(l) 

• I. rr 

or, *■ ^■'lf(d-I) 


Questions 


1. Explain what you mean by the atmospheric pressure. Give a brief 
description of any form of barometer. Find the height of a glycerine- 
barometer when the water-barom.’ter stands at 32 ft. (sp. gr. of glycerine 
=1*27). (C. U. 1928) 

[Ans.: 25-19 ft.] 

2 Describe an experiment to prove that air exerts pressure. How is the 
pressure measured ? (C. U. 1917, ’18, '19. '26, '37 ; Pat. 1928 ; Dac. 1934) 

3. Prove that the pressure of air can be measured by means of a long 

tube containing mercury inverted over mercury in a trough. (C. U. 1940) 

4. What is Torricelli’s vacuum ? Is it really a vacuum 7 In performing 

a 1 oriicelli’s experiment, it was suspected that some little ait^has entered. 
What will you do to ascertain whether it was really so 7 (C. U. 1925) 


[Hints,-It contains a little mercury vapour; so, strictly speaking, it is 
not a vacuum {see Ait. 295). On depressing the tube further in the mercury 
trough, if the tube be ultimately filled completely with mercury, there is no 
air inside. If there be air, the^ surface of mercury will not reach the closed 
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5. State what happens in the following cates giving reason8~(a) A 

glass tube 20 inches long doted at one end and entirely filled with mercury 
is inverted over a trough of mercury; (h) a narrow glass tube open at both 
ends is partially dipped in**i5i vessel containing water. The upper end is 
closed by the thump and the tube taken out of water. (C. U. 1922) 

6. Write a short note on the diflFerent kinds of barometers which you 

have seen in the laboratory. How is it possible to get a continuous record 
of the barometric height at a place ? (Pat. 1927) 

7. Describe a good form of standard barometer. Can a tube of any dia> 

meter be used as a standard baiometer tube ? If not, why ? Why is a 
thermometer always attached to a barometer ? (All. 1932) 

(Sm aiio Art. 298) 

8. Describe, with a neat sketch and an index of parts, a good barometer 
mentioning the precautions necessary in setting up each pact. Why is it 

f necessary to have a good vacuum on the top of the mercury '! 

(Pat. 1921: c/. 1922, *26. ‘39) 

9. Describe briefly the process of constructing a Fortin's Barometer. 

On what factors dbes the reading of a barometer depend ? Obtain an 
expression for reducing a barometer reading to that at the normal 
temperature. (Pat. 1932) 

10. Describe any form of barometer you have used in your laboratory. 

Give the directiom necessary for reading the atmospheric pressure, and 
point out the precautions necessary for its use. (C. U. 1921, *29, ’35) 

11. Describe a Fortin’s Barometer and explain bow you will use it. 

(All. 1930 ; Dec. 1931; C. U. 1939, ’45 ; Pat. 1944) 

12. How does a baiometer indicate a forthcoming storm ? (Dac. 1931) 

13. What do you mean by the statement that the atmospheric pressure at a 

place is 76 cms. ? What is the measure in absolute units ? (C. U. 1957) 

14. Explain fully the meaning of the statement—‘The atmosphere exerts 
a pressure of 15 lbs. per square inch nearly’. 

How would you verify the statement experimentally ? (C. U. 1919, ’41) 

15. Express the normal pressure of air in absolute units, (sp. gr. of 

mercury*—13’6 ; J7=981 cm /sec.*) 

(Del. 1943 ; C. U. 1947 ; And. U. 1952 ; Del. H. S. 1954 ; R. U. 1955) 

16. A hollow glass sphere b weighed on a sensitive balance. The sphere 

is broken and the fragments are carefully collected (none being lost) and 
weighed. Would you expe'.t any difference in the two weights Would 
your answer have to be modified, if tbeVeighings ate carried out in vacuo 7 
Give reasons in each case ^ (Pat. 1930) 

17. In order to determine whether ait has weight, Voltaire weighed a 

flexible bbdder first when it was inflated with air and afterwards when it 
was deflated. He found both weighings to be equal and concluded that 
air had no weight: criticise the conclusion. (C. U. 1926, *44) 

[Hints.—Wt. of the inflated bladder in air = true wt. cif the bladder (in 
vacuum)-)-wt, of the contained air—wt. of air displaced by the bladder (when 
inflated). Wt. of the deflated bladder in aii=true wt. of the bladder (in 
vacuum)—wt. of ait displaced by the bladder (when deflated). 

In the first case, the wt. of air displaced by the bladder (when inflated) = 
wt. of air displaced by the bladder itself (s.e. the rubber portion only)+wt. 
of air equal in volume to the contained air. Therefore, ultimately the first 
wt. is equal to the second wt., fs, the wt. of the bladder in air remains 
constant.] 
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18. Describe an experiment showing that Archimedes' principle appliefi* 
to bodies immersed in a gas.' 

Criticise the statement *A pound of feather weighs less than a pound of 
4ead'. (C, U. 1944) 

19. Why there is difference in the reading of a barometer at Puri and at. 

Darjeeling ? (C. U. 1947) 

20. What is the effect of the pressure of the atmosphere on the weight 

of a body ? Give reasons for your answer, and describe an experiment by 
which this effect can be demonstrated. (C, U. 1934) 

21. As a balloon rises to greater and greater altitude, what changes are 
found in. (a) the atmospheric pressure, (6) the density of air, and (c) the 
lifting power of the balloon, by a person in it ? Explain the changes. 

(Pat. 1940) 

22. The volume of a balloon is 500 cubic metres. It is filled with hydrogen 
whose density is 0 039 gm./litrc. The density of the surrounding air is 1 "250 » 
gm./litre. What is the total lifting force of the gas ? 

[Ana.: 580-5 kgm.] 

23. A balloon, weighing 150 kgms. contains 1,000 cu. m. of hydrozen and 

is surrounded by ait of density 0 00129. Calculate the additional weight it 
can lift. Also explain why the balloon will float in stable equilibrium at a 
constant altitude. (Density of hydrogen=:0 00009 gm./c.c.) (Pat. 1941) 

[Hints.—Density of H per cu-m.a0'00009xl0®**90 gms. The wt. of 
1,000 cu. m. of H=90 kgms So total wt.=(150+90) =240 kgms.; wt. of 
l.OOOXlO® c.c, of air=1290 kgms, Lifting power= 1290—240=1050 kgms. 
It will be in stable equilibrium because at a constant altitude the accelera¬ 
tion due to gravity, and also density of air, remain constant.] 

24. State Boyle’s Law and show how it can be verified in the laboratory for 
pressures higher and lower than the atmospheric pressure. 

(Dac. 1941 ; U. P. B. 1944 ; G. U. 1952 ; C. U. 1957) 

25. The space above a mercury column in a barometer tube contains some 

air. The mercury column is 28'40 inches long and the space above it is 3 05 
inchos long. The tube is then pushed downwards into mercury so that the 
column is 28‘14 inches long while the air space is 234 inches. W,hat is the 
true height of the barometer 7 l^^SS) 

[Ana.; 20’87inches] 

26. The height of a barometer is ‘75 cms. of mercury and the evacuated 

space over mercury surface has a volume of 10 c.c, One cubic centimetre 
of air at atmospheric pressure is' introduced into the evacuated space. 
What is the new reading of.the barometer ? The cross-section of the cube 
is unity, (C. U. 1921, ’29) 

[Ana.: 70 cms.; because the other value 90 is inadmissible.] 

27. Find the pressure exerted by a gramme of hydrogen in a vessel 
of 5*55 litres capacity at O’C., assuming that the miss of a cubic centimetre 
of hydrogen at 0°C. and a pressure of 760 mm. of mercury is 9X 10~'* gms. 

[Ana.; 1521-3 mm.] [Dac. 1930) 

28. Assuming the water barometer stands at 33^ ft., find the length of a 
cylindrical test tube in which the water rites 1 inch, if the cube is vertical 
and pressed mouth downward into water until the base of the tube is level 
with the surface of the water. 

[Ana. s 21 inches,] 
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^ 29. A column ol air is enclosed in a fine tSibe by a thread of mercury 
25 cmi. long. The air^column is 5 cms. long when the tube is held vertically 
with Its open end uppermost. On inverting the tube, the air«column meaturee 
iO cms. Find the atmospheric pressure. 

[Hints, (P-i-25)x5=(P-25)XlO; .% P-75 cms. of mercury.] 

30. A narrow cube with uniform bore is clo8e4 at one end, and at the other 

end IS a thread of mercury of known length. The tube is held vertical with 
the closed end (») up, (*t) down. Show how the barometric height can be 
determined from the positions of the thread, assuming that Boyle's Lew 
holds. (Fids Art. 298) (Pat. 1938, *47 ; Gau. 1955) 

31. How would you test whether the space above the mercury column 

in a barometer tube contains air or not 7 Show how a correction for the 
reading of a barometer containing some ait above the mercury*column may 
be found, when no other barometer is available. (M. U. 1937) 

32. A barometer whose cross-eectional area is one sq. cm. has a little 

%it in the space above the mercury. It is found to read 77 cms. when the 
true height is 78 cms., and 71 cms. when the true height is 71‘8 cms. 
Determine the volume of the air present in the tube measured under the 
former conditions. ' (C. U. 1937 ; And. U. 1952) 

[Hints. (78-77) F=(71'8-71) {F + (77-71) xl) ; whence F=24 c.c. 

If the volume of air present is measured under normal conditions, its 
value (v) will be given by {24x(78—77)»VX76, whence »=!0'3l c.c.) % 


CHAPTER XIII 

APPLICATION OF AIR PRESSURES: PUMPS 

Air and Water-Pumps* Sipboiit Diving-Bell 

319. The Valves :—A valve is a trap door hinged in such a way 
4ihat when a liquid presses on one side, it opens a little way and allows 



Fig. 194—Some Different Types of Valves. 


the liquid to pass through, but it shuts up the opening when the 
liquid presses on the other side, 'ntus a valve allows tiio passage 

19 
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of a fluid in one Mr^tion only. Valves are made in many forma 
acowding to the purposes for which they are required (Fig. 194). 
They may be conioah ballshapedt cu^Hihapedt fiait etc. but they 
all fulfil same purpose. 


320. Air-Pump (or Exhauet-Pump) :—^The term air-pump 
ordinarily means a pump for exhausting air from inside a vessel, 
though ^e condensing (or compression) pump is also an air-pump, 
the Ltter being used in compressing outside air into a storage 

vessel to high pressures. 



Fig, 195—The Exhaust-Pump 


The simplest type of an exhaust- 
pump was invented by Otto Vont 
Guericke in about 1650. It consists 
of a metal barrel 4B fitted with an 
air-t»ght piston P having a valve b 
opening upwards. The barrel A Bis 
connected by means of a pipe CD 
to the plate EF, called the plate of 
the pump, on which the receiver R 
(to be exhausted) is placed. There 
is another valve a, opening upwards 
at the mouth of the connecting tube 
below the barrel (Fig. 195). The 
side tube M connected to a mano¬ 
meter gives the pressure within R 
at any stage of exhaustion. 


Actfon.—Suppose the piston P is at the bottom of*the barrel 
to start with. During the up-stroke of the piston, the piston valve 
5 closes due to the pressure above., and the pressuic of air within 
the barrel below the piston falls. So air from the vessel R lifts 
the valve a of the^ pipe and expands in the barrel, arid thus the 
pressure of air in R is reduced. W hen the piston moves down in the 
next stroke, the inside air gets compressed and the pressure gradually 
intareases and at some stage of compression the valve a is closed ; 
when the pressure exceeds the atmospheric pressure, the inside air 
opens the piston valve b and escapes into the atmosphere. The cycle 
of the above two operations goes on until the air in the vessel R is too* 
rarefied to lift the lower valve o. 


321. Double-barrelled Air-pump :—The action of thesingle- 
^utelled pump is only tniermittenf. During the up-stroke only (vide 
1951 the pumjiing out action takes place. To make the 
continuous, a doutile-barrelled pump is used. [Fig. 196]. 
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tu such a pump, the two pistons (p, p) fnthe two barrels are 
simultaneously worked by a common rack 
and pinion arrangement such that the two 
pistons move up and down alternately, that 
is, as one goes up the other comes down. A 
tube {t, t) coming from each oF the two 
barrels is connected to the common receiver 
at if. The rate of evacuation in this case is 
twice of that obtained in a single-barrel pump. 

Note.—It is to be noted that a perfect 
vacuum can never be reached though the 
pressure of air in a vessel can be greatly 
red\iced in this way. 

t 322. Degree of Evacuation:—To 
calculate the Density of Air left in the 
Receiver : —^Let volume of the receiver 

R up to the lower valve a of the barrel 
(Fig. 195). 

— volume of the barrel between the 
two valves a, h, w^n the piston is at the top Fig-196 —A Double* 

of its up-stroke. When the piston occupies bacrelied Air-pump, 

the lowest position in the barrel, the volume of air in the receiver is 
F, and when the piston occupies the highest position, the volume of 
tiiis air is (F+ F*), 

luet d—density of air originally in the receiver ; 

di—density of air at the end of the first up-stroke. At the 
end of the first np-stroko of the piston, the volume F of air of 
density d occupies the volume (F+ and is of density di ; 

Then, wc have, oince the mass remains constant, 

rxd={v+r')Ji-, .( 1 ) 



Now, if r /2 be the density of air at the end of the second up-btroke, 

we have, as before, d, from (l). 

Proceeding in this way, it can be shdwn that the density dn at the 

end of n strokes will be given by, (Tn ^' 

During the working of the pump, the temperature remains constant 
and, at constant temperature, pressure is proportional to density. 80 

we have, atmosphere, where P is the 

original atmospheno pressure and A the pressure (in atmosphere) 
after n strokes 


[Note.— From ihe above result it is seen that as , V can 

„ \F-fFv 

never be xeroj Pn can never become mto ; so a perfect vacuum is not 
possible. Moreorert at a certain stage the pressure of air in the 
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feeeiver becomBs very 'low^ it cannot open 
which no further evacuation is possible.] 


the first i alve o, ofikr 


323, Filter Pump ( or Water Jet Pump) r—It is an exhaust 
type o£ air-pump ordinarily made of glass and is used when the 
degree of vacuum required is not lower than about 7 mm. Its special 
feature is that it needs no attention. 

The pump is shown in Fig. 197. The side-tube -Disconnectedwith 
a rubber tubing to the vessel intended for evacuation. The upper end 
of the vertical tube A which tapers below and ends in 
the nozzle N is connected to the water mains, the 
pressure of which should remain constant. As a 
strong jet of water forces out of the nozzle with a 
very high speed, some air from around the nozzle is 
also entangled and carried down the tube. The 
draught produced thereby draws out tlic air from 
within the ves^l at the same rate. ‘ 





Condensing (or Compression Pump) 

^ump is used for compressing air into a vessel 
usually referred to as a receiver^ It consists of a 
barrel AB in which a piston P works (Fig. 198). The 
barrel is connected to the receiver B into which air 


Fig. 197— 

Filter Pump. _ 

is compressed. Both the piston and the end of 
tlie barrel contain valves b and a respectively 
• opening towards the receiver. So, it is like 
an eachaust-pump with the valves reversed. 
There is a stop-cock T at the mouth of 
the receiver which may be closed after 
the required amount of compression is 
attained. 

Action .—The piston is moved outwards 
{backward stroke] and inwards {forward 
stroke) alternately. r 

Backward stroke .—start with, the 
piston Pis at the end Pof the barrel, and as it 
is moved up, the pressure of air in the barrel 
below the piston falls ; the valve a is closed 
by the prei^urc of air in the receiver; the 
atmospheric air acting on the other side of 
the piston opens the piston valve b ; and the 
barrel is filled up wito air at the atmospheric 
pressure. 

Forward stroke .—start with, the 
piston P is near the top A of the barrel, 


CZDZ) 



Fig. 168 
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and as it is moved down, valve h is closed at some stage when 
the pressure within the*^ barrel below it exceeds the atmospheric 
pressure and the compressed air in the barrel enters the receiver by 
forcing the valve a open. Greater compressions are required at each 
new forward stroke to enable the air to enter the receiver, as the 
pressure within it increases when the strokes are repeated. 

325. The Density and Pressure of Air in the Receiver 
after n Number of Strokes :— 

Let F=volmno of the receiver and the connecting tube ; 

Fj volume of the barrel between the higher and the lower valves; 

^ d=density of atmospheric air ; dn= density of air in the receiver 
after n strokes. The mass of air originally present in the receiver = V.d. 

At each dowa-«troke, a volume Fi of air at atmospheric density d 
enters the receiver. Hence after complete strokes, mass of air in 
the receiver ==( l>^+nVi)d. But its volume is V. 

If the tempemturc remains eonstint, the pressure will be directly 
proportional to density. 

If Pn bo the pressure in the recoivei after n strokes and P the 
original pressure, we have 

~P from (1) ; i e. Pn =^1atmospheres. 

326. Difference between the Compression and the 
Exhaust-pump (1) Both the pumps are provided wi^ a valve in 
the piston and a valve at the end of the barrel. But the difference in 
their construction is that in the compression pump both these valves 
open towards the side of the receiver while in the exhaust-pump 
they open up in the opposite direction. (2) Jn the compression pump 
a quantity of air, whose volume is thft same iis that of the barrel, is 
forced into the receiver at each sti^ke, and as air from outside easily 
enters tlic barrel on every backward stroke, the density of the air 
which is forced into the receiver at each inward stroke, is always 
the same as that of the outside air and consequently the mass of air 
admitted per stroke is constant. But in the exhaust-pump, the 
density of air extracted from the receiver diminishes w'itli each 
stroke though the volume may be the same, and hence the mass of 
air withdrawn per stroke diminishes as evacuation proceeds. 

327. Compression Pump in different Forms : _ 

(a) The Bicycle Pump.—An ordinary bicycle pump (Fig. 199) 
is an example of the simplest kind of a compression pump. It is 
made of a vulcanite or metal cylinder B with a piston P inside, which 



■XSTEBIIEDIATB PHYSIOS 


is fitted with a cap-shaped leather washer W, the rim of the cup 
being directed towards the bottom of the pump. During the up-stroke 
^ ^ (loft %ttre), the cup 


• * . ■ ■ . 


i- • • Is 5 




Fig. 199 


, o -— 

collapses inwards, 
the pressure below 
gradually falling 
more and more 
below atmosphere 
owing to the ex 
pansion of the 
enclosed air, and 
air from above, 
passes down readily 
between the washer 
ahd the wall of the 
cylinder into the 
lower part of the 
barrel, and during 
the ^ down-stroke 
(right figure), the 
increased pressure 
of air presses the 
leather washer TF 
air-tight against the 
walls of the cylinder 
and so no inside air 
can pass out. As 
the piston is pushed 
down, the air press¬ 
ure becomes greater 
and it forces its 
way. into an air- 
tube made of rubber 


’‘wr -^ vu.1.7^ vra. aiaiurwwA 

(housed in an outer jacket, called the tyre) when the increased aw 
pressure is suflScient-^to open up an inlet valve with which the air 
tube is provided. 


The connector of the pump is screwed on to this valve.^ This latter 
consists of a narrow metal tube^ V lined up inside with a rubber 
valve having a central bore ending in a small hole at the side which 
is normally closed by a Upping part 8 acting as the valve. During 
the up-strohe of the piston, the pressure of the air in the air tube 
presses the closing fiap of the rubber valve which seals up the small 
side hole, and so the air cannot flow back from the air tube into the 

E u During the doibu-siro/ce, tiie compressed air in the pump 
s its. way tihwough the small hole deflecting the closing flap and 
the air tube. 
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(6) Football InHator, —This is also a compression pump similar 
in action to the bicycle^ pump. The difference in construotioR is 
that the inlet valve is different in construotion and forms a 


part of the bottom of the barrel of the pump called the 


nozzle. The nozzle 
N [Pig. 200] is a 
metal tube of special 
design [entirely 
closed at the delivery 
end except for two 
slanting holes ( 8) 
which can communi- 
'^cute with the rubber 
bladder of the football 
so that it can. be 
easily introduced 
into the neck of the 
rubber bladder with 
which the grip 
should be tight. 
The central hole in 
llie nozzle is conver¬ 
gent-divergent and 
a solid ball G can 
fully shut up the 
throat of the nozzle 
and is not carried 
past it while moving 
towards the barrel. 
During the up-strokc 
{ left figure ) the 
greater pressure of 
the air in the bladder 
forces the ball G to 



close the throat and Fig. 200 

fio no air from the bladder *can leave it. During the down- 
stroke, the air pressure below the leather washer in the piston 
gradually increases and pushes the ball forward, but the latter is 
caught up finally by the delivery end of the nozzle, and at that 
position, sufficient gap for the forced air to pass through the two 
slanting holes is still left at the sides. 


328. Some asea of compreaaed air :— 

The Soda-water machine acts as a compression pump. It forces 
carbon dioxide gas into a bottle containing water. The water 
absorbs the gas and is said to be aerated. This water is ordinarily 
called sodorwater. 
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An air-^un may be regarded as a compression pump without 
any valve. At each stroke some more air ^ forced into the barrel^ 
of the gun and becomes compressed. When suddenly released, the 
compressed air expands with a great force. This force is used in 
OM'-guns^ when the i*eleasod high pressure air works upon a spring 
which throws out the bullet at a great force. 

If the air in an air-gun is released slowly, then a steady force 
iMy be obtained and this may be applied against a surface. The 
Westing house’ automatic brake employed in some trains works 
on this principle. 

In the air-cushion, which is nothing but a hollow rubber bag 

having a connecting nozzle 
fitted with a vjilve or stop¬ 
cock, air is compressed into 
the bag by means of a con¬ 
densing pump .and the com¬ 
pressed air serves' as the 
cushion. 

Compressed air is used in 
the air-brush for spraying 
paints on smooth surfaces 
without leaving brush marks. 

In Oil stoves air is pumped 
by a hand-driven compression 
pump into a pot which forces 
the oil to rise along a vertical tube [Fig. 200(o)J. This oil coming in 
contact with a hot surface is converted into vapour and burns. 



Fig. 200 (a) 


Compressed air is widely used in working what are known as 
pneumatic tools, e.g. drills ete, used in quarrying, street repairs, etc. 

Examples.—(i) Ths 6 arr«j| and reoeiwr of a eondenoing pump haw c<^paoitiea 
o/ 76 C.O, and 1000 o,o, rotpocHwly. How many otrohoo will 60 rtjiwred to raiao tho 
proaauro of tho air in tho reeoiwrfrom one to four atmoopherto f {0. V. 19t6\ 


Pressure after n strokes, a ^1+np! ^ atmospheres ; where 

volume of the barrel and F = volume of the receiver. 

4=1^ ^ or, 120 « 3»; or, n a 40. 

($) If the preooure in a puo^ were reduced to ^ of Ae atmoejAeric proieure in 

4 


d etnbee,towhat would it ha reduced «» d etrokee f 


{Pat mi ) 
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PteBirure P4 after 4 itzokee is given by* P4 a where 

P=original presauce, F^volstoe of the receiver, and F^^volume of the banel. 

B« f .(4^,)‘xP; • (,;,,)‘ = i= c. 

After 6 attolt... P.=(^i^y )' P=^ P=3^^. 


That 18 , the pressure is reduced 


to 


] 

3*/3 


of the original pressure. 


329, The Water Pumps -These arc instruments for* raising 
water from a lower to a higher level, most of which depend‘on the 
^principle that the atmospheric pressure is capable of supporting a 
column of water iipto a height equal to the height of the water- 
barometer. This^ principle will be clear by considering the action of 
an ordinary syringe. 


The Syringe .—It is an instrument the working of which 
depends on the atmospheric pressure. It is the simplest type of water 
pump. It consists of a hollow glass or metal cylinder ending in a 
nozzle and provided with a water-tight piston. When the piston is 
drawn up from its lowest ])Obition in the cylinder (the nozzle being 
dipped under a liquid), a partial vacuum is created within the 
cylinder below the piston. So the atinos[ihcric pressure acting , on 
the liquid surface outside the nozzle becomes greater than the 
pressure inside the cylinder and thus the liquid is pushed up into 
the cylinder. After sutUcient liquid has been drawn into the 
syringe, it is removed ; when owing to the greater extc'rnal pressure, 
the Uquid cannot escape through the nuzzle. When the piston is 
pushed down, the. pressure inside bei'omes greater and so the liquid 
is forced out. This is the underlying principle of all the pumps, 
which are described below, in which the water is said to rise 
by suction. The drinking of hquid*by drawing it through a straw 
tube is also a familiar example of thejirinciple of suction. 

Pen^ filler .—^The ordinary p^n-filler used for fountain pens, which 
consists of a rubber bulb fitted at one end of a piece of glass tubing 
drawn out to a jet, works on the same principle as above. On com¬ 
pressing the bulb some air from inside the tube is driven out, and 
when the jet is now placed in the ink and the pressure on the bulb 
released, ink rises up into the tube due to the external pressure on 
the ink surface being greater than the pressure inside the tube. 

In the self-filling fountain pen, the filler is inside the pen. It 
consists of a long rubber bag whicli is compressed by pulling out a 
metallic lever in the side of the barrel of the pen. The lever presses 
a metal ^ strip against the bag and this drives out some air. On 
reinstating lever after immersing the njb in ink, the pressure is 
released and so some ink is drayni up into the pen. 
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330. Common or Suction Pump (Tube-well Pump):— 

This is like an ordinary syringe with an extended nozzle T terminating 

beneath the surface (D) of the water to be 
raised (Fig. 201) The nozzle, or the pipe, is 
connected at the bottom of the barrel, or 
cylinder JB in which a piston P works. 
Two valves or trap doors a and b opening 
upwards are fitted, one at the bottom of 
the barrel, and the other within the piston. 
There is an exit spout E at the top of the 
barrel. 

Action .—As the piston is raised up , 
during the first up-stroke, the pressure inside 
the barrel below the piston falls, the valve a 
opens due to the greater pressure of the air 
inside the pipe T and the valve b closes 
due to the atmospheric pressure (which is 
greater) acting from above. The pressure 
on the surface of water in4;he pipe is thus 
less than the atmospheric pressure which 
acts upon the water outside the pipe. So, the water is forced up into 
the pipe. 

As the piston comes down during the down-stroke, the valve a 
is closed by the weight of the water above, and the water in the 
barrel being compressed, escapes through the valve b. Further 
pumping will raise more water into the barrel and finally water will 
rush through the valve b at the down-stroke and flow out by the 
spout at the up-stroke. 

One disadvantage of this pump is that it gives only an 'intermit¬ 
tent discharge {on up-stroke only). 

331. Limitation of the Suction JPamp :—^It should be noted 
that water is raised in the tube by the atmospheric pressure, and 
the atmospheric pressure can sUpport a vertical column of mercury 
30 inches in length, and a column ofi water (30 X 13*6) inches, or 34 ft. 
long ; so the of water* obove the water surface^ i.e. the distance 
between the valve 'a* and the surface of water* D* must not exceed the 
height of the water-barometer^ that is to say^ 34 feet. In practice 
however, the height is less than 34 feet (practicdly about 25 ft. only), 
as the valves have got weight and the pump is never absolutely air¬ 
tight This kind of pump is now being1widely*used i n‘the tube-w ell 

ExampleB —(2) Whai * the dtsaharge of a pump having a dianuUkr of 1 foot* 
u strohs of 2 foot, and worhad at (ho rate of 20 strokta per minute f 

The volume of the barrel of the pumpssvx *X2*r5714 cu ft- 

la e einsle acting pump, half the number of strokes per minute is only 
effective in disehargi^ water. Hence volume of houid discharged per 
eainate*'l*5714x V«15 714 cu. ft. 



Down atroke Dp^atroke 
Fig, 201—The Common 
Pump. 
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(2) Th 0 pi$ton of a ouetion pump m 10 ft, abovs the ZeMi of water in a nnd 
the height of Ote wa/t«r- 0 (Aumn above the pieton i» 4 ft If the dtameter of the bam! 
e$ 6 inchee. find in Ih. wl. tho^ree neoeetary to euetam the pielm in the poeition. 
(J eu ft, of water weighe 62 6 lb,) 

Lee h be the height of the watefbarooietex. Then the presiute exerted 
under piBtonK(i^—10) ft. of water and the pressure over the piston (^+4) 
ft, of water. The dilference of these two pressurea^ffc-f-^)—(h-10)=:14 ft. 
of water. Hence the necessary forces the wt. of a column of water of 

height 14 ft. and‘radius ^ 2 )^ 12 ) Ib8.sl7r87 lbs. 


332, The Lift Pump : —^This pump 
is only a modification o£ the common or 
suction pump and is used to raise water to 
a desired height. Here the spout is turned 
upwards and fitted with a valve c (Fig. 202) 
opening outwards. At every up-stroke of 
the piston the valve of the spout opens 
and if the top and collar of the pump are 
water tight, it ^is possible to lift water 
up the spout. At the down-stroke the 
valve c oloscs owing to the pressure of 
the water collected above it, the vJve h 
opens upwards and the valve a closes 
owing to the pressure on it. 

[Note. If the piston be strong enough, 
water can be raised to any height but the 
Jtead of water below the piston cannot 
etceed the height of the water-barometer {i,e. 34 ft), if water is to be 

pumped.] 

• 

333. ^The Force Pump : —The difference between this pump 
and the suction pump is that here the piston is solid and the outlet 

is fitted to the bottom of the barrel with a 
valve b opening outwards (Fig. 203). 

Action. —At each up-stroke the water 
risbs into tlie barrel AB and at each 
down-stroke the valve o closes, and 
water in the barrel is forced out, opening 
the valve h, through the delivery 
jnpe E. 

Arrangement for Continuoas 
Flow. —The disadvantage of an ordinary 
force-pump is that the delivery is inter¬ 
mittent, for it is on down-stroke only. 
To overcome this an air-dianiber JR 
(Fig. 204) is placed in vertical 
Up‘»irohe Dovm-etroke portion yi the delivery pipe beyond the 
Fig. 203-The Force Pump, valve ^ At the time of the dischaj^ge 




Vp-etroJae Dovvn^etroJee 

Fjg. 202—Tbc Lift Pump, 
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of water Jon the down-stroke, some water is collected into the air- 
chamber ^hich compresses the inside air. On the up-stroke the 
compressed' air expands and forces the water below it to flow up 
the pipe of the air-chamber and thus a continuous flow is 
obtained. 



[Note—Applying sufficient force to the han¬ 
dle of the piston, water can be raised to any 
height^ if the machine be strong. If the height 
be very great, then water can be collected 
by one pump into a reservoir at a certain height 
from which it can be raised again by a second 

Fire-Engines .—These are tjsed for extin¬ 
guishing fire and arc merely machine-driven 
force-pumps. With the help of an air- 
chamber as described above a continuous flow 
of water is obtained from these pumps. 


In the present form of the fire-engine, the 
Fig, 20t continuity of the flow of water is maintained 

more efficiently by means of two force pumps 
connected to a common air-c.hamber and working with alternating 
strokes, i.e. when one piston moves down, the other moves up. 


In the most modern types, a continuous flow of water is 
supplied by means of a rotary centrifugal pump operated by petrol 
or electric power. 

Maximum Height to which Water can be raised by Suction 
and Force Pumps ,—^Thc suction pump depends on the atmospheric 
pressure for its working, and the ’ height to which it can raise water 
is therefore limited to 31 ft. theoretically—much less in actual 
practice. 

In a force pump, pressuic is directly applied to the liquid by 
means of a piston, and the action of the pump is not therefore 
dependent on the atmospheric pressure. The height to which water 
can be raised by such a pump depends on the strength of its parts 
and the power applied (hand, steam, or electric ). The maximum 
height to which it is safe to raise water in this way is however, 
about 300 ft. There is no valve in the piston of a force pump. 
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^ 334, The Rotary Bump :—A pump: of the rotary class is 

valuable for use where lack of space prevents the adoption of an 
ordinary plunger pump. Its 
discharge is continuous 5nd 
can be worked over a wide 
range of speeds. Moreover, 
a rotary exhaust-pump is 
superior to a piston-pump, 
for it is simpler, faster and 
can produce higher vacua. 

Its principal disadvantage 
is due to leakage past the 
rotating surfaces, which re- 
suits in loss of eiliciency. 

The principle of a Hyvac 
rotary pump is*illustrated 
in Pig. 205. Such a pump 
can be used to reduce the 
pressure in a vessel to about 
O'OOl mm. of mescury. 

A cylindrical drum {D) Fjg. 205--The Rotary Pump, 

acts in it as rotor and it is 

mounted eccentrically to a shaft (5) which jiasses along the axis of a 
cylinder (C). The shaft is rotated by an electric motor. The drum 
and the cylinder are machined accurately such that the surface of the 
drum just slides on the inner surface of the cylinder as the shaft 
rotates. In the figure the line of contact is shown by L at some ins¬ 
tant of time. Pi IS tlic entrance port through which air from the 
vessel to be evacuated enters into the cylinder, and P^j} the exit port 
through which the air leaves the cylinder. The exit port P-z is pro¬ 
vided with a simple valve V opening only outwards. A scraping vane 
£ is constantly pressed on to the drum, between tlie entrance and exit 
ports, by the action of a spring P, whatever bo the position of the 
eccentric drum in course of its rotation. The whole arrangement is 
immersed in some oil of low vapour ih-essure contained m a box as 
shown in the figure. Pipe (P)coryieoted to the entrance port projects 
out to be connected to the vessel intended for evacuation. The oil 
lubricates the shaft and prevc'iils air leakage along the shaft into the 
high vacuum in the cylinder. 

The drum 7), as shown, is rotated in the clockwise directiop at the 
rate of a few hundred revolutions per minute. At the instant shown 
ill the figure, the volume, on the entrance side of the line of contact P, 
?.e. at the tail end of the rotor, is increasing and so the pressure dimi¬ 
nishing thereby causes the air in the vessel to _ flow into it. On the 
other hand, the volume, on the exit side of P, i.e. at the head end of 
the rotor, is decreasing. This means that the air in front of 
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the rotor is driven out tt^rough the exit valve F, The scraper vane 
prevents any air from flowing from the head end of the rotor to its 
tail end. 

As the rotor D continues to rotate, a time comes when the line 
of contact h passes the exit port 1*2- So the exit port then becomes 
exposed to the vessel to be evacuated and the atmospheric pressure 
closes the valve V . Soon after the line of contact passes also the 
entrance port iV when the volume of air in front begins to be swept 
out again as in me previous cycle. 

335. The Centrifugal Pump ;--It is also a rotatory pump witli 
continuous discharge and can be worked over a wide range of speeds. 

Jt is suitable where a large volume of liquid is to 
be discharged against low heads and is widely 
used in irrigation. In a centrifugal pump, pressure 
energy is imparted to a mass ^of liquid, water 
ordinarily, by the rotation of an impeller wheel. 
The wheel is formed of a number of curved blades 
(Fig. 206) which entangles the liquid and revolves 
in a suitable casing. The liqui^ passes from a 
suction pipe into the centre or eye, as it is called, 
ol the impeller. As the wheel is rotated, say, by 
an electric motor or any other device, the liquid 
acquires a high whirling velocity, resulting in an 
increase of pressure in a radial direction out¬ 
wards and a tendency to outward flow due to 
centrifugal action. Thus the velocity is reduced 
and changed to i)ressuro. If tlic speed of rotation 
is sufliciently high, the increase in pressure be¬ 
comes large enough to more than balance the static head (provided it 
is low) against which it is to act and the flow takes place. This reduces 
the pressure and causes the fluid to rise in the suction pipe and enter 
the wheel at ite centre. The How takes the liquid into an outer 
shell called the volute gh^ber 'Which leads to the discharge outlet of 
the pump. I 

N£ For the mercury diffusion pump, read Art. 335 (o), Addi*- 
tional Volume, of this book. 

33S. Siphon :—It consists of a bent tube with one of the 

arms AB longer than the other, CD (Fig. 207). The tube is first filled 
with the liquid to be drawn off; the two ends are then temporarily 
closed with fingers, and the shorter leg is placed in the vessel to be 
^ptied below the level of the liquid. On opening the two ends, the 
Uqnid begins to flow. 

Ijet P—atmospheric pressure, d* density of the liquid and h, 
vertical heights of Z? and B'above the liquid surfaces on their sides. 
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Fig. 206- 

A Centfifugal Pump. 
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The pressure pa at ^ orging the portion,•of the liquid at i? to the 
left=:/>-A d p. 

The pressure pi at Purging the portion of the liquid at Bto the 
right** P-Vdp. 

Pi — p 2 =*(h' —h) d p. But h'>/L 
The pressure at D > the pressure at B. 

Hence the water flows from D to B and the 
water from the vessel is raised by the at¬ 
mospheric pressure to D for fdling up the 
•vacancy so caused. Thus the flow is main¬ 
tained. 

^ (a) Conditions for the Working of the 
^Siphon. —(1) In the beginning the whoUj tube 
must be completely filled with the liquid. 

(2) The end 4 of the longer tube must be 
below the level C of the liquid in the vessel to 
be emptied ; otherwise, h' will not be greater 
than h and so the pressure at B will not be less than the pressure at 
D and the liquid will not flow. 

(3) The height must be less than the height of the correspond¬ 
ing liquid barometer ; otherwise the pressure of the atmosphere will 
not be able to raise the liquid to D. The grciatest height of in 
the case of water, is 34 ft 

(4) The siphon would not work in vacuum, for the atmospheric 
pressure which raises the liquid is non-existent in a vacuum. 

(b) Effect of making a Hole in the Siphon. —When a 
hole is made at any point in the longer arm ilB (Fig. 201) above the 
surface (' of liquid in the vessel in which the shorter leg is placed, the 
siphon will coa.se to act; for, at the hole the. pressure being atmos¬ 
pheric, the pressure at B will not be loss than the pressure at D, a 
condition which must bo fulfilled to enable the liquid to flow from I) 
towards B. 

If, however, a hole is made at appoint in the surface 

at Cj the remaining portion above that point will still form a siphon 
and through ^e hole the liquid will continue to flow. 

Example.—TAa tv)o wrms of a siphon havintf an internal diam^r of Z imehee 
are reepectioelp IZ and 8 «nolw« in length. The ehoHer arm ie imtneroed in 
a liquid to a depth of Z inches. Caieulatc the oelooitff of flow of the liquid 
tdoo the amount of tAs liquid dieeharge through the eiphon tn one eeeond (pa 8Z'Z 
ft.feer.*). 

The flow of the liquid depends upon tne height A) Fig. 207). So 
we have trom the law of falling bodies, the velocity of flow per aec., 
v^^\h'-~h). 

Here ^'=*12 inche*=s:l ft.; A, i.e. the actual height above the level of water 
■•(8—2) inche8=0 5 ft. 

»*=^/2xM•2("l“0'5) »5‘67 ft. p(?r aec. 



Fig. 207—The Siphon. 
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The amount of liquid discharged in one sec«~velocity of flowXctoaS'sectional 

337. The Intermittent Siphon : —^Fig. 208 represents an inter¬ 

mittent siphon, which is an example of the appli¬ 
cation of the principle of a siphon. The vessel is at 
iirst empty, but as any liquid is poured into it, and 
the level of the* liquid gradually reaches the top of 
the bend, the liquid will begin to flow to 0. If the 
supply of the liquid is discontinued, or the liquid 
escapes faster than it is supplied to the vessel, the 
flow will cease as soon as the shorter branch no 
longer dips in the liquid. But the flow will, how¬ 
ever, resume when the leavcl of the liquid roaches Fig.. 208—The 

the bend again on the supply being restored. Intermittent Siphon. 

Tantolus Cup. —^Thc above principle is applied in the toy siphon, 
known as the Tantalus Gup^ in which the siphon is 
concealed inside the figure of Tanttilus, placed 
inside a vessel. It is seen that the b^'^^d of the 
siphon is just below the lower lip of the figure (Fig, 
209). As water is poured, the level of water in the 
shorter branch of the siphon rises gradually until 
it reaches the top of the bend, i.e. just beneath 
the lips of Tantalus, when the water will flow 
out keeping Tantalus thirsty for ever. 

Automatic Flushes. —The same principle is 
also applied in automatic flushes fitted in public 
Ftg ^9— Tantalus latrines, etc. A siphon is fitted inside a tank which 
•Cup. jjj, emptied as soon as water fills the bent pipe- 

338. The Diving~Bell :—When a tumbler is inverted and lowered 

vertically under water, we notice that there is a slight rise of water 
in the tumbler. As it is pressed more 
into the liquid, the enclosed air is under 
a pressure which increases and only 
some water rises into the vessel. This prin¬ 
ciple is applied in the diving-bell which is a 
heavy hollow cylindrical metal vessel open 
at its lower end. It is lowered into water to 
enable divers to go to the bottom of deep 
waters to do some work (Fig. 210). The 
tension in tiie chains which supports the bell 
is equal to the weight of the bell minus the 
weight of water displaced by it and this Diviog-bell. 

^tension increases, as thq bell sinks more and more and the weight of 
displaced water becomes less. 





_2 
14X2 


)•} 


cu ft.=s0‘124 cu. ft. 


area of the tubeacS'h? x 
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Taken 34 ft. as the height of the water-bammeter, the preasnre of 
air within the bell at a depth of 34 ft, will be 2 atmospheres ; conse¬ 
quently, the volume of air is halved, and the water would rise half-way 
up the diving-bell. As this is obviously inconvenient for the workmen 
inside the bell, a constant supply of fresh air is pumped into the bell 
through a pipe in order to prevent water from entering the chamber 
and also to enable the workmen to breathe. 


Examples.— (1) A bottle whoee volume ie 600 o.o., i» tunk mouth downwarde 
below the ourfiiee of a tank eonfaining water. How far muet it be eunk/or 100 oc. 
a/water to run up into the bottle f The height oj a barom^er at tlie eurfaoe of the tank 
ia 760 mm. arui the ap. gr. of mercury ia 13 6. (Pat. 1928) 

\ The volume of the air inside the bottle, when 100 c.c. of water rushes in 
=500-100=400 C.C. 

if P be the pressure in cms. when the volume of the enclosed air is 400 c.c. 
then by Boyle’s Law. Px 400=76 x 500 ; or, P=''’^^=:95 cms. 

The pressure exerted by water only=95—76»”19 cms. of mercury 
=19X136 cms.=238'4 cms. of water. Atoms. press.=76 cms.). 

The bottle must be sunk below 258*4 cms. of water. 


(2) Ftnd to what depth a diving-bell muat be lowered into water in order that 
the volume of air eorUained may be diminiihed by one guarter, the length of the 
bell being 3 metres, atmoapherio preeaure 760 mm. of mercury, and the ap. gr. of 
mercury 13‘6. (Pat. 1943) 

Length of the bells=s3 metres=300 cms. 

If P be the total pcessure m cms. when the bell is lowered into water in 
‘ order to dimmish its volume by one quarter, we have, by Boyle's jLaw, 

(300xct) x76= (®x300x <) xP, where < is the area of the base of the bell; 


p 76x4 f tj,- 
—V—cma. of rig. 


76X4X136 

3 


cms. of water. 


The pressure exerted by water only. 

_ (76x4X13*6 / V-76X13-6 

® ^-^ 7bXl36J j “ — 2 " o* water. 

The volume of air inside being diminished by one quarter, the height of 
water inside the bell - ^X300 »75 cms., and so the length of air insider 


^^X300) = 


i(3X75) cms. 


The depth to which the bell is lowered, s.e. the height of water from 

{^‘^^-(3X75, } 


the surface up to the top of the bell 

20 


cms. <■119*53 cms. 
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339. Otto Von Guericke (1602—1686):—^He was a German 
lawyer, Senator and Physicist. He was bom at Magdeburg, desoen- 

dent of a noble family. During 
Tilly's siege of Magdeburg* (16Sl)i 
he acted as “Defence or war-lord"^ 
of his native town. When Tilly 
was driven off, and bis native town 
came under Swedish protection, he 
helped in rebuilding the bridges 
and fortifications of his native town 
the well-being of which was his 
constant anxiety. He was appointed 
its Burgomaster in 1646. Without , 
the requisite scientific knowledge, 
he started experiments which he 
did not leave before success came 
to him. His ranking with great 
scientists is not due to his inven¬ 
tion of the air-pump but how he 
conceived to make use of the same 
in solving outstanding problems in 
nature. He had a special fascination 
for large apparatuses for his 
experiments so that the uninitiated 
might bo attracted The discoveries 
of Galileo, Pascal and Torricelli generated an urge in him for 
producing the first vaocum and he invented the first air-pump. In 
the year 1654 he performed before the emperor, Ferdinand 111, his 
famous experiment of the Magdeburg hemispheres to prove tliat air 
has weight and exerts pressure. It is said that two teams of twent'v 
four horses, a team on either side, were required to sepaiate Ivb 
hemispheres, when the air was pumped out from within, ^^’jyle 
made use of Guericke's pump‘to prove the law wh.hiiiiiiJ'iSi^ W 
nmae. Guericke made other inventions too. He discoverea electrical 
repulsion for the first time and constructed also a frictional machine 
which Leibniz used and thereby produced electric sparks for the first 
time. Prom his studies in astronomy he predicted the periodic return 
of comets. He is said to have devised a water-barometer by which 
the approach of storms could be forecast He died at the age of 84 
in Hamburg. 
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Questions 

1. Describe in detail an air-pump giving a diagram and explain its 
action. (C. U. 1923 ; Pat. 1925, ’29, *38 ; P. U. 1929 ; U. P. B. 1950) 

After four strokes the density of the air in the receiver of an air-pump la 
found to bear to its onginal density the ratio of 256 to 625. What is the ratio 
of the volume of the barrtl to that of the receiver ? (C. U, 1923>. 

fAnt. .* 1:4] 
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2. Describe briefly the action of the air-pump in its simplest form and 

explain hoar the degree of rarefaction produced by a given number of strokes can 
be approximately calculated. Can the apparatus you describe create perfect 
vacuum 7 If not. why 7 ' (Pat. 1931, ’38. ’41 j P. U. 1931) 

3. If the cylinder of an aic*pump is one-third the sixe of the receiver, 
what fractional part of the original air will be left after 5 strokes 7 What 
will a barometer within the receiver read, the outside pressure being 76 cms. 7 

(Pat. 1929) 

[Hints. d,/d» (3/4)» ; again. Pfi- (3/4)• X76] 

4. Compare the pressures m the receivers of a condensing and exhausting 

air-pump alter the same number of strokea in each case and account for the 
fundamental difference in ioim of the two expressions. (Pat. 1931) 

5. Describe a double-barrelled aur-pump and explain its action. 

^ (C. U. 1938. ’47, ’53) 

6. Can you get perfect vacuum with an air-pump 7 If not. why not 7 Explain 

how the air-pump duferi m operation from a water-pump. (C. U. 1953) 

7. A mercury barometer is in the receiver of an air-pump, and at first its 

height 18 76 cms. After two strokes the height is 72 cms. What will it be after 
ten strokes ? (Neglect the volume of the barometer). (Pat. 1937) 

[Afur.: 58 cms. approx.] 

8. Write a short note on ‘Filter-pump’, (All. 1946) 

9. What do you mean by a compression pump 7 Cite two common examples. 

Describe with a diagram the working of an ordinary bicycle pump and the action 
of the valve in the bicycle tube. (G. U. 1952) 


10. Describe in detail with a diagram a condensing pump and its mode of 

action. (C. U. 1923, *34) 

11. Describe with the help of a neat sketch, the working of an ordinary 

bicycle pump, and the action of the valve in the bicycle tube. (Pat. 1944) 

12. Describe and explain the action of a bicycle pump. What is the 
difference between such a pump and an ordinary exhaust pump 7 (Pat. 1949) 


13. Ei^lain the mode of action of a football inflating pump. (Pat 1929) 

14. DescrlSe a suction pump. Water cannot be raised to a height much 

greater than 34 ft. by means of such a pump. State the reason for this ami 
describe a laboratory experimeht by which you prove your explanation to be 
correct. (C. li. 1930. '34; Dac. 1932; of. U. P. li. 1951) 

15. Describe In detail with a diagram a common pump and its mode of 
action. Is there any limit to the depth from which it can raise water 7 

(C. U. 1924; Pat 1933; Dac. 1932) 


16. Explain clearly the working of the usual types of Lift or Force pumps. 


A kit pump is used to pump oil of sp. gi. 0*8 from a lower into an upper 
tank. What is the maximum possible height of the pump above the lower 
tank when the pressure of the atmospheie is 76 cms. of mercury ? Is this 
height practically obtained 7 Give reasons fox your answar. (Pat. 1920> 


[Hints. AXaxO8xgi-76X0Xl3'6xg; 


fc«76xm_;j292 cms.] 


0-8 
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17. Eiplaii) dearly, with the aid of a ireat sketch, the working of the usual 
types of lift pumps. Is there any limit to the depth from which it can raise 
water ? 

The barrel of a suction pump is 5 in. in diameter and the stroke is 8 in. 
How many upward strokes of the plunger will be required to lift 1,000 gallons 
of water ii there is 12% slip 7 [1 cu. ft. of water=6‘24 gallons.] (G. U. 1957) 

[4w.; 2003] 

18. What mechanism would you suggest to lift water from a well which 

IS deeper than 34 ff. ? (A. k 1952) 

19. Name different kinds of pumps for producing high vacuum. Ex¬ 

plain the construction and working, with the help of a diagram, of any one 
of them. (R. U. 1952) 

20. Explain the action of a siphon. > 

(C. U. 1923, ’37; Pat. 1921; Dac. 1926; All 1946) 


21 A siphon is used to empty a cylindrical vessel filled with mercury. 
The shorter Itmb of the siphon reaches the bottom of the vessel which is 45 
inches deep, but it is found that mercury ceases to run before the vessel is 
empty. Explain this observation, and calculate what fraction of the volume of 
the vessel will remain full of mercury. The barometric height may be taken as 
30 inches. • (Pat. 1935; e/ C. U. 1926; Dac. 1930) 



i 


22. Explain the principle and use of the siphon, and state how the principle 
ii used in Tantalus Cup. (C. U. 1928) 



PART II • 

- HEAT 

CHAPTER I 

HEAT : TEMPERATURE : THERMOMETRY 

I. What is *heat* ? :—^When we touch a lump of ice, we feel 
cold. When we stand in the sun, we feel hot. The cause of these 
sensations is called heat. But what is its real nature ? What does a 
body gain o:^ose, when it becomes hot ? Until less tiian a hundred 
years ago it was thought that when bodies rise or fall in temperature, 
f diey take in or give out a weightless fluid called caloric. This the¬ 
ory has, however, been completely abandoned. The explanation now 
given is that a rt&e of iemperatufe ts caused by the quickeuing of the 
movementi of the molecules compohiny the body^ and a fall in tem¬ 
perature is caused by a shuing down of the molecular movements 
{tide Kinetic Theory, Chapter TV) 

•• i. 

We have n^t to enquire into the cause of the quickening or the 
slowing down, as the case may be, of tlic molecular movements in a 
substance. Every one knows that friction produces heat Thus 
when we mb a piece of wood against another, heat is produced. This 
heat is due to the increase in the movements of their molecules. Jhe 
increase of the molecular movements results ft om the mechanical 
wotk done at the time of ruhhina. Again, as a bicycle tube is pumped 
up, the pump is heated and the heat is produced at the expense of 
the work done, Le. tlie heat is due to the mechanical energy spent 
in compressing the air against the internal pressure, The heat is 
not due to friction ; for, it may be seen that very little heat is 
produced by only working the pump up and down without attaching 
it to tile bicycle tube. These examples simply point out that the 
cause of production of heat in their cases is due to the expenditure 
of mechanical energy. 

Chemical energy stored in substances may also be the cause due 
to which heat may be produced. When coal burns in air, a part 
of the stored chemical energy of the coal goes to produce the heat. 
If a few pieces of magnesium are dropped in dilute sulphuric acid 
contained in a test tube, hydrogen is given off* with the liberation 
of heat due to which the test tube is heated. 

Electrical energy may also be used to produce heat, such as in 
electric heaters, electric furnaces, etc. 

The cause of production of heat, as tlu‘ foregoing examples indicate, 
is the cxi>enditure of some form or foms of energy. On the other 
hand, heat may also be made to bo the cause of production of some 
form or forms of energy as we desire. Eor example, in an internal 
combustion engine the heat of combustion «2anses an expansion of the 
gases within the cylinder and thereby mechanical energy is made 
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available. la a thermo-couple in which one junction of two dissimilar 
metals is heated and the other kept colder, an electric current cir¬ 
culates round the couple. In many cases heat may be used to bring 
about chemical changes too, e.ff. heat applied to wood assists the carbon 
in coal to combine with the oxygen in air to form oxides of carbon. 

Thus, to sum up, any form of energy we know of, may be made 
to disappear witii production of heat, and heat, on the other hand, 
may also cause any form of energy to be produced. That being so, 
heat also must' be a form of energy. 

2, Temperature : —^When on touching two substances A and B 
we feel A hotter than B, we express it by saying that the tempera¬ 
ture of A is higher than that of B. Temperature therefore, a 
measure of the hotness, or coldness, of a body. It is the thermal' 
state of a body which determines whether it will give heat to, 
or recedve heat from, other bodies. Heat leijds to flow from a 
body at a higher temperature to a body at a lower temperature just 
as water flows from higher to lower levels. Thus, heat and tempera¬ 
ture are respectively analogous to water and its surface level. 

3, Heat and Temperature : —There is no dcvibt that the terms 

heat and temperature arc closely related, but it should ndfc be thought 
that they convoy the same meaning. To bring out the distinction 
between the two, one should remember the following—(o) If a red- 
hot iron ball is imt in a bucket of warm water, the ball will lose 
some of its heat, and water will gain it In this case, the quantity 
of heat contained in water is likely to be much gi-eater than that 
in the ball, but it is the temperature, and not the amount of heat, 
which determines the direction of the flow of heat from one body 
to another. {() Temperature is no more heat than the level of 
water in a tank is the water itself, (c) Temper ature is the therm al 
eondiiim of a bj 2 ^y, and. is anite-differcntSm idJml 

energy m iEe body, (rf) Two bodies may have the same temperft- 

but "diSmcnt quantities oT^eat. *A spobnfuT oT a sweet liquid 
ts^n frdffi‘a'1atg^"quaati£y will be as sweet as the lai^er, though 
it does not contain as much sugar. Similarly, the temperature of 
boUing water in a tea cup may be the same as that in a big bucket, 
but the quantity of heat in the 'water of the bucket will be much 
greater, because the quantity of heat contained in a body depends on 
its temperature as well as on its mass. 

4, Effects of Hecft :^{Q) Chanqe of State, — ^When water is 
heated, it changes into steam (a vapour). When water is cooled, ».«. 
heat is withdrawn from it, it finally changes into ice (a solid). 

(2) Change of Temperature (without change of state).—When a 
body absorbs heat its temperature rises, and when it gives out heat 
its temperature falls, except when it is not changing its state such as 
water changing into steam, or water changing into ice, etc. 

(3) Change of Bimenmn. —A body, whether a solid, a liquid, 
or a gas, expands on heating and contracts on cooling. 
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(4) Change of Composition {Chemical change). —Many substances 
become chemically changed when heated. Sugar, for example, when 
heated in a test tnbe, is turned into carbon, which is left at^e bottom 
■of the tube, and water vapour, which condenses at the top of the tube. 

(5) Change of physical properties —Many substances, when 
heated, become weak possibly due to some internal change in the 
arrangement of their molecules. Thus, iron, when heated to redness, 
■differs materially from iron at ordinary temperatures, and ordinarily, 
glass when heated becomes weakened. 

(6) Eleotrtcol effect. —(i^) When by heating one of the two junc¬ 
tions of a thermo-couple formed of two dissimilar metals, say copper 
and iron, a difference of temperature is produced between ^e junc- 

, tions, and electrical current flows round the wires. This is known as 
thermo^current. (m) When heated, the electrical resistance of a 
metal increases. 

5. Measurement of Temperature: —^We can have an 
idea about the temperature of a bc^y, i.e. the degree of its hotness, 
by our sense of touch. But the measurement of temperature by the 
sense of touch often gives unreliable and inaccurate results. 

The sensation depends upon, (/) the amount of heat transferred, 
to the skin of the body from the substance touched, when the tem¬ 
perature of the substance is higher than that of the body ; or from 
the skin to the substance, when the tem])erature of the substance is 
lower than that of the body, and on {n) Ike conductivity of the 
substance, that is, on the rate at which heat is transferred. 

As this sensation is not a safe guide for the correct and numerical 
’measurement of temperature, instruments, called thermometers, 
are devised for the purpose. 

Strictly speaking, temperature is not a measurable quantity, but 
for variqus purposes we measure it in some indirect way. We utilise 
one or the other of the physical effects produced by heat, as enum«rar 
ted in Art. 4, for measuring the temperature of a body ; for example, 
in mercury thermometers Sxe expaqpion of mercury inside the thermo¬ 
meter is used to indicate the tempexature. Different types of ther¬ 
mometers depending on the different effects of heat have been oons- 
toucted and each different type \^a8 its own merits and demerits and 
its own range of use. 

6. Choice of Thermometric Substance In selecting the 
material for the construction of a thermometer, it is necessary to see 
that {'i) the substance always slwws the same temperature for the 
same hotness ; {!) the temperature changes continuously taiih the 
change of the degree of hotness ; (c) the substance is converiient to 
me ; {d) the change of the property, which is utilised for iherrviamre- 
ment of temperature, is fairly large. Expansion of a substance with 
rise of temperature, provided the former is uniform, is commonly 
utilised iu ordinary thermometers. 

Some liquids are suitable as theruuMuecric substa^iccs, their expan- 
«ions being fairly uniform and moderately large ; solids expand little, 
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whereas gases expand much more ; of all liquids mtrmry has been 
found to be tbe best on account of its many advantages. 

It should, however, be noted that in all accurate measure¬ 
ments of temperature, a gas thermometer [tide Chapter IV) is 
always referred to as the standard in preference to all other 
thermometers. 

7, The Hypsometer :—^It is a specially constructed conetani 
temperature bath in which steam is generated under the existing atmos¬ 
pheric pressure by heating water. The temperature of the steam is 
related to the pressure and has, therefore, a connection with the 
height of the place. So the apparatus is named a hypsometer wihich, 
in Greek, means a Wasurer of height^. 

The apparatus consists of a brass vessel having an internal 
chamber B and an external chamber A around it closed at the bottom 
(B^g. 3). The internal chamber is in communication with a boiler 
D placed below. An open-tube manometer JW, connected as shown in 
the figure, is used to indicate the pressure of the vapour raised 
from the boiler. Ordinarily, water is taken as |he boiler liquid. 
The top of the apparatus is covered except at a central opening 
which is closed by a cork (C). A thermometer (7) is inserted through 
a hole bored in the cork such that the bulb of the thermometer is 
held above the liquid level in the boiler. The hot steam rises up in 
the inner chamber and then passes down the outer one, as shown in 
the figure, to escape finally into the atmosphere through an exit tube 
[B) provided at the bottom. The liquid formed by condensation of 
the escaping vapour is collected in a basin and can be used again in 
the boiler. The outer chamber, through which the hot steam passes 
down, protects the steam rising in the inner chamber from condensa¬ 
tion. The heating of the water boiler is so regulated that the liquid 
attains the same level in both the arms of the manometer. The 
steam pressure then equals the atmospheric pressure and 
the temperature indicated by the thermometer at this stage 
gives the temperature,of boiling of the liquid at the place 
of observation. 

tvA Conetruction of a Mercury Thermometer :— 

A thick-walled glass tube of uniform capillary bore with a 
bulb B blown at one end is taken (Fig. 1). At G, near 
the open end, the tube is heated and drawn out so as to 
make a narrow neck there. 

A small funnel E is fitted at the open end by means 
of a piece of rubber tubing. Some pure dr y mercury 

is put in the funnel E, but the mercury cannot get 
into the tube owing to the contained air and fineness of 
the bore. The bulb is heated gently to drive out some of 
Fig. 1 the air in it, which on cooling, contracts in volume, and 
the mercury from the funnel passes down the tube into the bulb duo 
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to the atmospheric pressure acting from above, which is greater than 
the pressure inside. This process of alternate heating and cooling 
IS repeated several timesr till sufficient mercury enters to fill the bulb 
and some part of the tube The funnel is then taken away and the 
bulb is strongly heated )mtil the mercury fills the whole of the tube, 
which is then quickly sealed at V by a blow-pipe flame. Mercury 
having filled the entire tube, the tube is free from air. On cooling, 
the mercury contracts, and, at ordinary room temperatures, fills the 
bulb and a part of the htem. The rest of the tube contains only a 
negligible quantity of mercury vapour. 

Three points are to be remembered regarding the thermometer 
construction — 

(1) The size of the bulb and the bore of the tube will depend 
upon ^e sensitivity of the thermometer and the number of degrees 
and their sub-divisions which the thermometer is to register ; that is, 
a thermometer to read to l/5th degree or 1/lOth degree must have a 
longer tube with a finer bore than a thermometer reading only to 1°. 

(2) The quantity ol liquid used should be small so that it might 
take as little heat as possible from the source whose temperature is 
being recofdod ; otherwise it will itself lower the temperature to be 
recorded. 'J"hus the bulb should be small in size. 

(3) The bulb of the thermometer should be made thin so that heat 
from the source may quickly pass through to warm up the liquid ; this 
is necessary in order that the thermometer may be quick in action. 

Graduation —The tube being filled with mercury and sealed, 
should be left over for several days to cool down so that it may recover 
its original volume. Only after such proper ogchtg the tube may be 
regarded as ready for graduation. The first step for graduation, 
whatever is the scale of temperature used, is to mark on the stem the 
positions’ for the mercury thread corresponding to two definite tem¬ 
peratures. These are called the two fixed points of a thermometer. 
These are defined and experimentally determined as follows : 

(t^'^The Lower fixed Point (or Ice Point). — It is the 
temperature at which purs ice melts finder the normal atmospherie 
pressure. Since its variation with pressure is negli¬ 
gibly small, the ice^point is determined under the ordi¬ 
nary atmospheric pressure and no correction is nece¬ 
ssary. The funnel F (Fig. 2) contains powdered dis¬ 
tilled water ice washed with distilled water. A hole is 
made in this ice and the bulb of the thermometer [T) 
is inserted in it and the thermometer is held vertically 
in it by means of a stand. The mercury column des¬ 
cends and after sometime takes a stationary stand, 
when the position of its top is marked on the glass. 

This giv^ the lower fixed point. 

(Jiy^ The Upper Fixed Point (or Steam 
FDfmj .—It is the temperature at which pure water 
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boils under the normal atmospheric pressure. It is uaually deter¬ 
mined under the ordinary atmospheric pressure and a pressure correc¬ 
tion is then made. In applying this pressure,correction an empirical 
rule is followed, according to which the boiling point of pure water 
varies directly by iy^TC. when the superincumbent pressure changes 
by one centimetre (in other words the boiling point of water increases 
or decreases by I’C. due to an increase or decrease of pressure by 

about 27 mms. of mercury) near the normal atmospheric pressure. 

* 

The thermometer T is inserted into the inner chamber of a hypso^ 
meter (Pig. 3), leaving the upper part projecting out above the cork C. 

The boiler D contains water upto a level below 
the bulb of the thermometer. It is heated and ^ 
the steam generated from the boiling water* 
heats up the mercury of the thermometer. The 
thermometer is held in the steam and not in 
the water, because the temperature of the 
water may be higher than that of the steam 
corresponding to the existing atmospheric 
pressure due to any dissolved impurity. The 
heating is so regulated that the* pressure of 
the steam may always be equal to the atmos¬ 
pheric pressure outside, which is indicated by 
the j^quality of the mercury levels in the 
two arms of the manometer M. When the 
Hg-top in the thermometer is observed to 
have become stationary, it is marked. 

After locating the positions of the two fixed 
points on the stem, the interval between the 
two points, called the fundamental interval, 
Is divided into an appropriate number of equal parts, depending 
on the nature of the scale of temperature desired, each part being 
called a degree in that scale ; each degree may then be further sub¬ 
divided according to requirements. 

This method of marking* assumes that the bore of the tube is 
uniform and that the liquid expands uniformly. 

sJ^hould the Bore of the Tube be Uniform ?—^Unless the bore 
is uniform, equal rise of mercury in the tube will not indicate equal 
rise of temperature and so the graduation shall have to be done 
point to point throughout the bore. Such action being tedious and 
costly, a tube of uniform bore is selected in commercial practice. 

SourcMs of Error in a Mercury Thermometer : —(1) Non- 
uniformity of the Bore —Sach degree of a thermometer represents 
an equal change of temperature. When the temperature rises, the 
liquid column moves along the bore of the thermometer and the 
mOvoiDOot of the liquid column due to change of volume of the liquid 
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will be uniform, only if the bore is uniform, otherwise each equal 
length in the different parts of the stem will not represent equal 
•change of temperature.* 

Temperature of the Exposed Column. —At the time of using 
a thermometer for recording a temperatnre, a part of the stem always 
remains outside the substance whose temperature is to be taken and 
its temperature therefore is different from that of the bulb and the 
rest of the stem below it. So the temperature recorded will be 
lower than the actual temperature ; and thus it is desirable to in¬ 
clude as muck of the stem as possible inside the substance. A correc¬ 
tion for the exposed part may then be applied {vide Chapter III, 
Art. 34). 

(3) Change of Zero. —A thermometer placed in melting ice often 
indicates a reading greater than the freezing point. This is due to 
depression of the freezing point mark owing to contraction of the 
tube and the bulb, which takes place slowly over a long period 
after the marking of the fixed points. To avoid this the thermo¬ 
meter should be left out for a long time before the scales are 
marked. > , 

10. Scales of Temperature: —There arc three scales of 
temperature in use : Centigrade, Fahienheit and Reaumur. 

(/) The Centigrade scale, accoidiug to some writers, was 
designed by Elvius of Sweden in 1710 and was reintroduced by 
Christen in 1743. Others associate the name of Anders Celcius* 
in this connection. The xefo of this scale corresponds to the molting 
point of pure ice, and the boiling point of water under the normal 
atmospheric pressure is taken as 100“. The interval between the 
two is divided into 100 equal parts. 

(^t) The Fahrenheit scale was devised by Fahrenheit, a German 
philosopher (1686—1736), at about 1709. The temperature of a 
freezing mixture of snow and common salt (which is much below the 
melting point of icc) is taken as the <zero of his scale. The melting 
point of pure ice, according to the ^cale, is taken as 32, and the 
boiling point of water as 212°, under normal atmospheric pressure. 
The interval between the two is divided into 180 equal parts. 

(m). Reaumur scale was introduced by Reaumer, (1683—^1767), 
a French philosopher, in 1731. In it the melting point of ice is 
taken as 0° and the boiling point of water, under normal atmospheric 
pressure, as 80*. The intervfd between the two is divided into 80 
equal parts. 

Andvr* OeleiuB (170L—1744), a Swedish astronomer and Professor oi 
Astronomy at the university of Upsala, introduced a scale by taking O'* as the 
boiling point of water and 100’ as the melting point of ice Tnen at about 1742 
Linne introduced che Omtigrade soils by reveising the above with the melting 
point of ICC at 0’ and the bothag point of water at 100’. Ceicius went to 
Lapland with a centigrade theemometer to record the tempecaturc of the arctic 
region. 
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The Fahrenheit scale is generally used in Great Britain, the 
United-States and in some English-speaking countries for household! 
purposes. It is also used in clinical thermometers. The Centigrade 
(from L. Centum, a hundred ; gradus, step) scale is universally 
used in scientific work all over the world. The Reaumur scale is 
used in Russia for house-hold purposes and in some parts of the 
European Continent. 


Comparison of the three scales of femperafure— 

The distance between the lower and upper fixed points of a 
thermometer is called the Fundanaental Interval (F. 1.). 

The fundamental interval is divided into 180, 100, and 80'equal 
parts in the Fahrenheit, Centigrade, and Reaumur scales respectively, 
Kg, 4 depicts ihe three scales given to a mercury thermometer 
of which A and B are the lower and the upper fixed points 
respectively. 


P 


'B 


III III III II III 1 
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Fig. 4 


The table below gives the data about the three scales and the 
symbols which are used in expressing a temperature in this scales. 


Scale 

Symbol 

a 

.Freezing 

Point 

Boiling 

Point 

No. of 
Divisions 
between 
Fixed 
Points 

Fahrenheit... 

“F. 

32“ 

212“ 

180 

Centigrade ... 

X. 

0“ 

o 

o 

o 

100 

Reaumur ... 

"R. 

0“ 

o 

O 

00 

80 


(0 We find that, 100^ 212“ - 32“ == 180“F == 80“/?, 


or, ra^t oirF.^^oirB, 

(«) Let, P (Fig. 4) represent the steady position of the top. 
of the mercury thread at some temperature and let F, C. JB, be the 
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^eadiags of this temperature on the three scales, Fahrenheit, Centi¬ 
grade, and Reaumur respectively. 

Then, since AP is the same fraoUon of AB whatever be 
scale used, we have 

^P_F-32_O-0_R-0 _ 

AB 180^ 100 80 ’ * 9 "6 4’ 

Remember that 1 Centigrade degree is nine-fifth of a 
Fahrenheit degree, and 1 Fahrenheit degree is five-ninth of 
a Centigrade degree. 

Example s (1 )—Calet^atti th$ temperature which hue got the same value on both 
^ the Oen*igrade and the Fahrenheit ecalee. 

Let ® be the value required. Then, * J 5® “ 160*9* ; 

y 5 

or, 4* =—160; ie » = —40 Thus—40^(7. when converted to the Fahrenheit 
scale, will also be - 40”'; or, - 40’(7=: —40'’F', 

(2) The same temperature when read on a Centigrade and a Reaumur thermo¬ 
meter givee a difference of V. It'hat is the number of degreee indicated by e^ 
thermometer t 


Let *=Centigrade temperature, and tf*Reaumur temperature. 

Then, we have, *-ysi ... ... .« (1) 

4 

Now, x'^0., transformed into Reaumur degrees—* x-.ssy, 

5 

From (1), (l+y)e=y; y=»4fR. 

0 

But 4 ®R.s=4x-=: 5‘’C. The required temperatures ate yO, and 4®1?. 

4 

(3) F'ind out the temperature when the degree of the Fahrenheit thermometer wiU 
be 5 timea the eorreeponding degree of the Centigrade thermometer. 


Let *“ Fahrenheit temperature, and y-*Centigrade temperature. 

Then *=!5y...(l). But *®JF. transformed into Centigrade degree=C*—32)|=y. 

From (1), (.‘>y-32)^*y;or.l6y=:160 y=10®a 

And 10’<7.= ^10X?J+32*50®F'. 

Hence the required temperatures arc 10®O. and 50“^. 

(g) Two tJurmometere A and B are made of the same hind ofglaae and eorUain 
the eame liquid. The bulbs of both the thermometere are epherieal. The iniemci 
diameter of the bulb of A ia 7’i mm and the radius of cross section of the tube ie 
T25 mm.; the corresponding jfigures for B being $’2 mm. and 0'9 mm, Otmpare the 
length of a degree of A with that of B. 

Let and 1% be lengths corresponding to 1® rise in the temperature for A 
and B respectively and A the apparent coefficient of expansion of the liquid. 
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Intteaae in voltune of the liquid in the bulb of A for 
X X1; and thii must rite in the tube, the volume being t (1*25)® | ir CiT 

X X X1 -»(l-25)*li. Similarly, for -S. ^ ^J x X x 1»7r(0 9)*!,. 


. 13JV^)2 (7J )». U POO 

(0 9)» i, 109- 

12. Corrections for Thermometer ReadingsThe tem- 
peraturo at which water hoik depends upon the atmospheric pressure. 
It is 100'C. when the atmospheric pressure is normal, i.e. 760 mm. 
It increases or decreases with the increase or decrease of the atmos¬ 
pheric pressure. For small deviations from the normal pressure, 
there is a change of 0'37^C. m the boiling point of water for a 
change of 1 cm. in the atmospheric pressure, and so a change of 
about two-ihtrds of a degree Fahrenheit for a 10> mm. change of 
pressure. The effect of the change of pressure is, however, negli¬ 
gible for the freezing point of water, which is lowered only by 
about 0*0073 of a degree Centigrade for one atmosphere increase of 
pressure. • 

So the fixed points of a thermometer can be corrected at any time 
by reading the height of the barometer. This will be clear from the 
following example— 

Atmospheric pressure=754*96 mm. 

Difference from the normal pressure=760 —754*96 = 5*04 mm. 

There is a variation of TO. for a change of 27 mm. in the atmos¬ 
pheric pressure. .*. The required correction = 504-r27 = 0186''C. 

But as the observed atmospheric pressure is less than the normal 

pressure, the steam ])oint 
will be less than* 100'C. 
Thus the true steam point 
= (100-0186)=99*814 a 

Observed steam point= 
99*6'’0. .*. Error at steam point 
= 99*6-99*814= -0*214 “C. 

Correction at steam 
point= +f''214''C’. If for the 
above thermometer the free¬ 
zing point is 0*5“ above zero, 
the error is+0*5'’C., and lie 
correction to be applied is 
— 0*5'(7. Thus, plotting tiese 
two points on a squared 
paper, the straight line 

(pig 5) 

points will indicate the 
' corrections at intermediate 
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temperatures. From the graph it is evident that no correction would 
be required at TO'^C. 

Exampl6a.—{2) The §tam of a Fahronhoit thermometer hoe a eoaU upon it whioh 
i» graduated in equal parte The reading of the ioe-poirU ie 30 and that of the eteam- 
point 300. What ia the reading indioated by the thermometer (a) when jdaced in 
eteam at a preaaura of 73 etna, of mercury and (6) in water at 50°F. 

(a) Here 300—30=270, scale divisioos are equivalent to l&fF. 

1 scale division•»(2/3)'’J?'. 

The diflFetence of pressure, (76- 73) =3 cms. For 10 mm.. *.«, 1 cm. change 

in pressure, the boiling point is changed by 2/3'’F'. Fora change of 3 cms. 
in pressure, the change in boiling point—3X^=2“F'. The true steam-potnt 
^-212- 2*210°jP. ( - 2 is taken because the pressure is below normal.) 

2 

Now, 2®F' is equivalent to 2^-=3 scale-divisions of the thermometer. 

• i3 

Hence the reading indicated by the thermometer—300—3 = 297. 

(&) The temperature of waters is 50'’J'.=(32'’+18®)J'. 

The reading is WF. above the ice-point, which is 30 on the scale. 

• 2 

Now. 18“F'. is equivalent to 18-r^=27 scale-divisions. The reading 
is 30 + 27-57. 

{2) If, when the temparalwe ia 0°C„ a mercury thermometer reada + 0'5^0 

wiiile of 100 C., it reade 200 8 0„ find the true temperature when the thermal 
meter reade 20 0., ctaaiming that the bore ie cylindrical and the divieione are 
of uniform length. U. 1920) 

The thermometer reads 0’5°O. for 0°O, and 100'8°C, foi 100'’O. So there are 
(100‘8—0 5)=100 3 divisions between the two faxed points of this tfaermo- 

metex. Each division of the above thermometer—of a tiue Centigrade 

lOU 3 

division. When the thermometer reads 20'’0.. there are (20—0 5) or 195 divi¬ 
sions above the freezing point. Hence the |rue temperature of the chetmometex 

when it reads 20“(7,- ^ »19*442“C7. , 

AVw O 

1 

(3) When the fixed pointe of a Centigrade thermometer are verified ,*# 
reacts O IFC., at the melting point of toe and 99'2 (J., at the boiling point of 
taater at normal preeeure, What ia the correct temperature when it reade 26 0. and 
at what temperature ia its nading exaotiy correct f {Pat. 194i) 

The fundamental interval»99’2—0’S=987 divisions, l-et a be the correct 

temperature, then we have^^ly- “l^" normal boiling point—lOO®©., 

whence 14 7°C. 


Again, let the reading be exactly correct at fC., then^^^—; 

9o'7 lOft 


or 100t-50«987t. or «*38'5X. 
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12. Different FoAne of Thermometers ^ 

(1) Mercury-in-glass Thermometer ,— ^Theae have been 

dealt with before [vide Arts. 8 to 11). • 

(2) Alcohol Thermometer ,— Alcohol is sometimes used as a 
thermometric substance instead of mercury. Its advantages and dis¬ 
advantages as a thermometric substance have been treated in Art. 14. 
The liquid requires to be coloured with some dye in order that the 
top of the column may be easily read. 

(3) Water Thermometer. —Water has almost all the disadvan¬ 
tages of alcohol and its advantages are very few. Besides this it can¬ 
not be used as a thermometric substance due to its peculiar behaviour 
between 0 C. and 10 C., which has been discussed in Chapter III. 

(4) Gas Thermometer .— In these thermometers gases like'^ 

air, nitrogen, hydrogen,helium etc. are used as thermometric substance. 
These have been dealt with in Chapter IV. , 

(5) Maximum and Minimum Thermometer. —It is often 
found necessary to know the highest or lowest temperature attained 
during a given poriod of time. The maximum temperature reached 
during the day and the minimum temperature during the night are 
recorded in meteorological stations as a routine work. The informa¬ 
tions are important for meteorological as well as agricultural purposes. 
A maximum thermometer automatically registers the highest tem¬ 
perature and a minimum thermometer^ the lowest temperature, 
during an interval. 

{6) Electrical Thermometer .— There are two common forms 
■of electrical thermometers ; (*) resistance thermometers ; (w) thermo-¬ 
couple or thermo-electric thermometers. These have been dealt 
with under Current Electricity (Vol. 11). 

(i) Rutherfords Maximum and Minimum 'Thermo¬ 
meter .— These are two separate instruments, but are ordinarily 

® _ : _ ® 


Minimum thermometer 



L-L-j.I i i i i 

_ Maximum ihermontehr 


■Ftg. 6—Rutherford's Maximum and Minimum Thermometer. 

mounted on the same frame (Pig. 6). The maximum thermometer 
is an ordinary mercurial thermometer placed in a horizontal fashion. 
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As the temperature increases, the mercury pashes forward a steel 
index which is left in its^place to indicate the maximum temperature. 

‘ ^ The minimum thermometer uses alcohol, instead of mercury, as 
the thermoinCtric liquid. It is also fitted in a horizontal position. For 
recording the minimum temperature an index of glass is placed in the 
liquid and this allows the alcohol to expand, when the temperature 
rises, without moving it. But when the temperature falls and the 
alcohol contracts, the glass index, which is wetted by alcohol, is drag¬ 
ged backwards by the surface film at the end of the alcohol column. 

The instrument can be reset for fresh observations by inclining 
the frame when the indices slide down. Tlio steel index can be made 

^to slide down by using a bar-magnet too. 

(ii) The Clinical Thermometer (or Doctor^s 
Thermometer ).—^This thermometer is used by doctors 
for the determination of the mtiximum temperature of a 
body. The tein]jcrature of the human body seldom varies 
beyond the limits, 95" F. to 110 Fy and .so in a doctor^s 
thermometer this range Ls graduated in degrees Fahrenheit 
and each degree a*gain is, ordinarily, sub-divided into fifths. 

Mercury is commonly used as the thermometric substance 
and by using the requisite quantity of mercury in the bulb, 
the length of the stem is made short. Fig. 7 shows a 
clinical thermometer having bulb B which contains mercury 
and a constriction C in the bore above it. During use 
when the bulb is placed under the arm-pit or the tongue, 
the mercury being heated expands and is forced up into the 
stem (S) across the constriction. When the thermometer 
is taken out, the mercury below the constriction contracts 
with the. fall of temperature, but the mercuiy thread 
above cannot follow the mercury below because of the 
constriction. So the thread breaks at the constriction, 
the farthest end of the standing thread giving the tempe¬ 
rature of the body. Thus the clinical thermometer acts 
as a maximum tiiermometer. To reset the instrument, the 
thennometer is held by the stem; bulb downwards, and 
is giv(m a few jerks. This forces the mercury in the 
stem to go back into the bulb. 

To graduate the instrument it is placed in a thermostat at 95'’F. 
and a scratch is made in the stem against the head of the mercury 
thread when the same is steady. Afterwards it is again placed in a 
thermo-static bath at 110'’F., when again a scratch is made as above. 
The interval between these two marks are uniformly divided into 15 
equal parts, and each part into fifths, assuming the bore to be 
uniform. 

As a caution, it should be remembered that a clinical thermometer 
must not be dipped into hot water or any other hot liquid for the 
•determinatiou of temperature, for the bulb would crack. 



Fig. 7- 
Chntcal 
Ther- 
mometex. 
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(fi) Six*a Thermometer .—^It is a combined form of maximunii 
and minimum thermometer (Fig. 8). ^ 

Jt consists of a graduated U-tnbe with a bulb at each end. The 
tube on the left-hand side of Fig. 8 and a part of the bulb (f)) at 
that end contain alcohol. The upper part of the bulb contains 
alcohol vapour only, and so room for expansion is left there. The 
bent lube contains a column of mercury which merely serves as an 
indeXt as its mofvement indicates expansion or contraction of alcohol 

which is above it, and in the other 
tube which is completely full of alco¬ 
hol. The alcohol in the right-hand 
tube and the bulb {() constitutes the real ^ 
thermometric part of the in strument. 

A small steelinde:^fitted with aspr¬ 
ing (shown on the side of Fig. 8) is 
inside the tube at each end of the. 
mercury column. Each index (P or P) 
can bo brought into (^ontact with the 
mercury head at that end by moans.of 
a*magnet from.outside the tube.* 

When the temperature rises, tlie^ 
alcohol in the right-hand tube expands 
and so the mercury thread on the left- 
hand tube rises pushing the index (P)’ 
above it. When the temperature 
falls, the mercury thread comes down 
leaving the index in its position (as it 
is prevented from returning by thn 
spring), but the mercury thread in the 
right-hand tube rises pushing the index 
(P^ above it, which remains there when 
the alcohol expands again due to rise in 
temperature. Thus the lower end 
Fig. 8-Six’s Thermometer, of the* index in the right-hand tube 
shows the minimum temperature while that in the left-hand tube 
shows the maximum temperature, 

13. Advantages of Mercury as Thermometric Subs¬ 
tance t—Mercury remains in the liquid stale over a wide range 
(freezing point—39°C., boiling point S57 C.) and thus can be used over 
this range of temperatures. The range can be extended to higher tem¬ 
peratures also by filling the space over the mercury with nitrogen, 
argon or carbon dioxide gas under pressure using a stout tube. At 
OTdinary temperatures the vapour pressure of mercury is low and so 
the indicjitions of a mercury thermometer are little affected by the 
pr^sure of the vapour. Mercury can be easily obtained pure and 
being a shining grey liquid its position in a glass tube can be 
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ascertained easily. It does not wet glass and has, therefore, no 
tendency to stick to the walls when the temperature changes. It is 
a very good conductor of heat and so attains the temp, of a 
bath very quickly. It has high sensitivity to temperature variations, 
for its coefficient of expansion is large. It absorbs only negligible 
heat from any nuitcrial with which it is placed in contact owing to 
its low specific heat and, therefore, the temperature which is measured 
by it is not altered by its use. 'Jhe moiit important property^ howeter^ 
is that Us expanhion is almost uniform at all parts of its scale. 

14. Comparison of the Advantages and Disadvantages of 
^ercury and Alcohol as Thermometric Substances : —(1) Alco- 
liol freezes at —130 CL, while mercury at - 39 O. The former boils 
a t 78 0 and the latter at 357 C. S o the range of use on the low tem¬ 
perature side is greater for alcohol than foi- mercury while the range 
on the high temperature side is greater for mercury than for alcohol. 

(2) For a given rise of temperature alcohol expands much more 
than mercury. So the sensitivity to temperature variations is greater 
for the former thah for the latter. 

(3) Although the specific heat of alcohol is greater than that of 
mercury, a given volume of alcohol will absorb from a bath a much 
smaller quantity of heat than an equal volume of mercury will do in 
being raised through the same range of teuqievaturc, sp. gr. of alcohol 
being much less. 

(4) Alcohol wets glass while mercury does not. So during a lise 
of temperature the former can move smoothly in a tube of fine bore 

* while the latter moves in a jerky way. 

(5) As*alcohol wets glass, it tends to stick to the wall os the 
temperature changes, while mercury has no such tendency. 

(6) With rise of temperature alcohol does not expand uniformly 
but mercury does in a more satisfactoi^ way. So an alcohol thermo¬ 
meter is graduated by comparison with a mercury thermometer, 
placing bo5i m the same bath. ^ 

(7) Alcohol is not a good conductor of heat but mercury is. So 
an alcohol thermometer cannot attain the temperature of a bath so 
quickly as a mercury thermometer can. 

(8) Alcohol i« a light volatile liquid which vaporises appreciably 
and collects in the space above the liquid meniscus and the pressure 
rises. The effect is negligible in the case of mercury, a heavy liquid 
which does not vaporise so easily. 

(9) Alcohol requires to be coloured with a dye in order to be 
visible while mercury is itself a shining opaque liquid,* 


* Far sptoial thermometers and high and lots temperature thermomatry, read 
Art. 14 (A) et scq. in the 'Additional Volume* of thi» book. 
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SOME NOTEWORTHY TEMPERATURES 




"5eR.'^d 

• 

- bTgT^ 

Sun 

• •• 

6000 

Mercury boils 

357 

Electric arc light 

■ aa 

3400 

Mercury freezes ... 

-39 

Iron melts 


1500 

Blood heat 

37 

Platinum melta 

• aa 

1760 



Iron, white hot 

• « a 

1300 



Hydrogen boils 

—2C2 to 

—253 

Red heat 

500-1000 

Hydrogen solidftfies 

—256 to 

-2)7 

White heat 

above 1000 

1 Loweiit teraoeraturc obtained.. 

....0*018'^ rentitfrade abaolufe* I 


2 . 


3. 


Questions , 

t- 

1. A bicycle pump gets heated when the tyre is pumped. Explain. 

^- . . , , . U. 1950) 

Distingursh between temperature and quantity ofiheat 

(C. U. 1934 ; Pat. 1921) 

Tirieily describe the process of constructing a mercury-in-glass 
thermometer Why is it necessary to note the height of the barometer, 
when determining the upper fixed point of a thermometer ? How would yon 
prepare a thermometer, if you are in a deep coal mine (Pat. 1932) 

[Hints.— (Sea Arts 8 and 11. Note the barometric height inside the coal 
mine and calculate the boiling point of water which will be the upper fixed 
point of the thermometer.] 

4. There are two thermometers of which one has the larger bulb and 

the other a finer bore. Explain the advantages and disadvantages in each 
case. (C. U. 1941) 

5. Describe the conatrnction of a mercurial thermometer. Is it necessary 
that the tube should be of uniform bore throughout ? Give reasons for your 
answer. How is it graduated V (C. U. 1926, '41, ’45 ; cf Pat. 1920, ’22, *44) 

6. How does a sensitive mercury.ill-glass thermometer differ in cons¬ 
truction from a less sensitive thermometer V 

Describe fully the method followed to mark the scale on a *mercury-in* 
glass thermometer. (C. U. 1952, ’56) 

7. What is meant by the ‘Fumlatnental Interval’ (F. I.) of the therrao- 

Ttveter scale m a thermometer V* Describe an experiment to determine it 
accurately, » 

A thermometer A has got its F. I. divided into 45 eqnal parts and 
another B into 100. If the lower ^joint of A is marked 0 and that of B 50, 
what 18 the temperature by A when it is 110 by B ? (Pat. 1940) 

[Ana.; 27’] 

8. What ia the difference between the temperature of a substance and 
the total heat possessed by it ? 

Describe the construction of a mercury-in-glass thermometer. Why is 
mercury preferred for use as the liquid in the thermometer ? 

What are the fixed points of a thermometer ? What should be the 
marking at a point midway between these fixed points in the centigrade 
scale and in the F.ilirenheit scale 1 (C xi 

[Ana.! 50’C.,12^F] U. 1S56) 


9 The fundamental interval of a thermometer A is arbitarily divided 
into 60 equal parts and that of another thermometer B into 120 equal parts, 
if the freezing point of A is marked 60® and that of B marked 0®. what is 
the temperature by A when it is 100® by B 7 (Pat 1964) 

[Ana.: HOT 
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10. Tlie freezing point on a thermometer is* 
point 150. What reading would this thermometer 
45''C. ? 

[Atu. : 78 B°.] 


marked 20 and the boiling 
give for a tern peratnre of 
(C. U, 1937) 


11. The freezing pqint of a Fahrenheit thermometer is correctly marked and 
the bore of the tube is uniform, but it reads 76*5“ when a standard Centigrade 
thermometer reads 26°. What is the reading Of the boiling point on this 
Fahrenheit thermometer ? 

[Ana. : 210°]. 


12. A faulty thermometer reads 1° when placed in melting ice and 96° in 

steam at normal barometric pressure. Find the correct temperature when 
the thermometer reads 39°, the bore of the thread and graduations being 
buppo.s(*cl iiniforia (Dac. 1943) 

[Ana,: 40“C.] 

13. A thermometer, having a tube of uniform bore and divided into 
degrees of equal leng'jh, reads 20° in melting ice and 80° in steam at 100''C. 
X lud what It would read at 100°F. 

[Ans.; 42^°] • 

11. How would you test the accuracy of the “fixed points” of mercurj" 
thermometer ? Explain the conditions winch contribute to its sensitiveness. 

(C. U. 1937) 

15. Explain wliff in a thermometer it is advantageous to have the ther- 
luometric substance (1) of low specific heat, (2) a good conductor of heat, 

16. De.snribo with a neat diagram showing graduations, the working of a 

»ix b maximinu and minimum tlieimonietcr. [Utkal. 1954 ; Pat. 1954] 

17. Write a nolo on maximum-niininium theiTnoiiieter. 

(Yis U. 1954) 

18. nTiat do you mean by a maximum therinometer ? Describe the 
clinical thermometer in detail with a diagram, 

19. The normal temperature of a healthy person is found to be 9b'4°F. 
What would bo the corresponding readings on the Centigrade and the Reau¬ 
mur scales 7 

[Ans. : 36*9 C.; 29 5°R ] 

20. Stale the relative advantages and disadvantages of mercury and 
alcohol us thermomotric substances. 

(C. U. 1919, *41; All. 19l6 ; M. K B. 1952 ; Vis. U. 1953) 


CHAFIER II 

Expansion of Solids 

IS. Expansion and Contraction :—All bodies, solids, 
liquids, and gases, generally expand on being heated and contract on 
being cooled. Of course there arc exceptions to this general rule and 
they will be pointed out when the occasion arises. The expansion 
or contraction, as the case may be, is quite lai^e in the gaseous state, 
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less SO in the liquid state) and much less in the solid state of a sub- 
eta nee, for the same change of temperature. 


16. Expansion of Solids .•—(a) All solids, with few exceptions, 
expand on heating and contract on cooling and such expansion or 
contraction, when allowed to take place freely, occurs 
in all directions, though the same is usually very small. 

This property of a solid can very well be shown by a 
simple apparatus known as the Gravesend’s Rias 
(Fig. 9). It coifsists of a metal ring clamped to a stand 
and a metal ball suspended by a chain from another 
clamp i)laced above it. The ball can pass through the 
ring when both are at the same temperature. If the 
ball bo placed on the ring after heating in a flame 
or furnace, it will no longer pass through the ring 
showing that it has expanded, but on leaving the two 
together for a short time, the ball falls through ; for, Fig. 0— 
on cooling, it contracts again. Gravesand’s 

(^) Different solids expand or contract, as the 
case may be, differently for the same change of temperature. This 
can be shown by the following experiment: • 

Expt —Let a composite bar consisting of a strip of iron and a 
similar strip of brass be made by rivetting the two at several 



IRON BRASS 

b Q 

Ftg. 10 


points. At the room tcmpersitnre 
if the bar is straight las shown 
in (^), Fig. 10], on being heated 
the bar bends with the hra<<R on 
the outside ]shown in (//), Fig 10], 
while on being cooled in a free¬ 


zing mixture of ice and salt it bends in the opposite way round, t.e. 
with the brass on the inside [shown in (r), Fig lOj. This only proves 
that brass expands more on being heated and it also contracts more 


on being cooled, than iron. The above principle is applied to compen¬ 
sate the bahnice wheel of a good, watch for changes of temperature 
Art. 30). 

The above experiment may'be repeated with different solids and 
it will be found that they expand or.contract differently for the same 
change of temperature. 


17. Different Aspects of Expansion :—When a solid is 
heated, it expands in all directions as already pointed out. The ex¬ 
tension in any direction is called its line|ir expansion, the increase 
in area is called surface or superficial expansion, and the dilatation, 
i.e. the increase in volume is called the volume or cubical expansion. 

18. Forces brought into Play by Expansion or Contrac¬ 
tion of Solids : —^When a solid bar is heated or cooled, the expan- 
flion or contraction as the case may be, though small, can take place 
against tremendous retarding forces. That is, the force brought into 
play by expansion or contraction of solids is tremendous. The stresses 
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involved are known as temperature stresses. In iron stmctores, 
such as bridges, buildings, etc. and such other structures, where lar^ 
temperature stresses are likely to occur, provisions must be mam 
such that the stresses pfoduced doe to the likely changes o£ tempera¬ 
ture do not damage or destroy them. 

An idea about the magnitude of such forces may be obtained in 
the laboratory by a simple experiment such as that of the breaking bar 
(Fig. 11). In such an experiment a heavy iron bar A provided with a 
screw and nut at one end and a transverse hole (Hi) near the other, 
rests in slots on two stout iron 
stands fixed to a base plate of 
iron. A cast iron pin, say \ inch 
in diameter, is passed into the 
hole across the bar. The bar is 
then heated by means of a 
burner and tightly clamped by 
means of the screw. When the Fig. H-Thc Breaking Bar. 

bp cools down, the cast iron . 

pin snaps dne to the tremendous force of contraction of the bar, A 
similar force resulting from the expansion of the bar, when the latter 
is heated, m&y bo demonstrated by using the oast iron pin in the hole 
(Hj) and screwing the clamp tightly when the bar is cold. 

19. Linear Expansion :—As already stated, it is different for 
different solids but is in ail cases very small. An iron rod one metre 
long would increase in length, when heated through 100 C., by about 
0'12 cm., and a brass rod, under similar conditions, by 018 cm. 

Experiments show that the increase in length of bar (') is propor¬ 
tional to the length of the bar, {n) is proportional to the increase 
of temperature, aud (a‘/) depends on the nature of tlie substance. 

K^\ltoefficient of Linear Expansion of a Solid-^^t is the ratio 
of the change in length to the original length of a solid at 0” per unit 
change of temperature. 



Let 1 0 be the initial length of a rod at 0° and let L be the length 
when heated through f ; then the expansion of the rod for a rise of 
temperature (L “"/c») The ratio of the change in length to tho 

original length for f rise*®'-— ; and tlie ratio of the expansion to 

the original length at 0° for 1" rise®®—- 

Ic'Kt 


Hence, the coefficient of linear expansion < (pronounced 
is given by, h—h (H-<0. 

lot 


Or, the mean coefficient of linear expansion for a given, rise of 

_A_ Increase in length. 

^temperature =® j r^-. ; —- -r— : 

Original length at 0 X Bise in temperature 
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Does < depend^n the Unit of length & Scale of Tent- 

*° (OrigicaItogXl^^^of -t>7)- 

that, —?£Sii^£2Sit |g ^ j^jjg |.]jg ggjjjg value whether 

original length 

length is measured in the C.G.S. or the P.P.S. unit of length. 
Therefore, 

Coe^. of linear expansion has the same value both in cms, 
and inches^ if ihs unit of temp, is the same. 

v^) CoeflP. of linear exp. per degree Centigrade is 5 times larger 
than that per degree Fahrenheit, since l^C.^-'F. So the value of the 
coed*, of linear exp. depends on the scale of temperature used. 

The coefficient of linear expansion of iron per “I), is 0 000012 meens tliat 
1 cm. of an iron rod raised in temperature by TC. expands by 0 000012 cm ; or, 

1 yard of an iron rod raised in temperature by 1°C. expands ^by 0*000012 
yard ; or, 

1 foot of an iron rod raised in temperature by 1°C. expands by 0 000012 
foot, etc 


21. Coefficient of Expansion at Different Temperatures :— 

We have seen that in difining the coefficient of linear expansion of a 
solid wo should refer to its length at 0”, but practically it is not 
always convenient to measure the length at 0“ and so generally the 
length at the beginning of the experiment^ i.e. at the temperature of 
the room^ is taken, instead of its length at 0 . Tn the case of solids, 
the error made by doing so is very small and can be neglected 


The length of a^rod, which is initially not at 0“ but at some other 
temperature, say fj", may be calculated thus— 

Let lo, li and 1 ^ be the lengths at 0 °, and respectively, 
where fg is greater than ; 

then l\=^lo (l+^cii); and 
neglecting terras containing higher powers of <. 


“L)} ; or, "(.=7-^ 


U-h 


^1(^2 ■“^1) 

Hence, the modified definition of the mean coefficient of linear 
expansion may be cxi)ressed as, 

Coeff.of linear expamiotf= ^ in length_ 

Original length X Rise in temperature 


22. Measurement of Linear Expansion :— 

(i) Lavotsier and Laplace*s Method. —^To measure the co- 
eraoient of linear expansion of a metal by Ijavoisier and Laplaoe'a 
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•inethcKl, a rod -dJB of the metal is^ placed on*'rollers in a horizontal 
n n -■* position in a trough containing oil or 

S:-water (Fig. 12). The liquid used is heated 

• to raise the temperature of the rod. A 

\ ^ vertical lever BC is placed with one end 

^E resting ogainst the rod at B while a 

tclcscope CD is hxed to the other end of 
the lever at C with its axis horizontal. 

Fig. 12—Lavoisier and Jlefore heating the rod, the telescope is 

Laplace’s Method. ^ adjusted such that a mark, say, >S, on n 
distant vertical scale is distinctly viewed through it. After heating 
the rod to a constant temperature, as the rod AB expands, the lever 
BC is turned into the position B'C so that a different mark S' will 
^ now be viewed through the telescope on the scale. Knowing the 
distances-Br and CiJ?, the elongation of the rod, BB', can be found 
from the relation, 

’ Bli'^SS' 

BC C'S‘ 

hYom this the cocltlcient of linear cxiiansion can be calculated, 
the increase in temperature being determined by a thermometer, and 
^he original lengtii AB of the rod measured by a scale. 

By BulUnger^s Apparatus .—In this method the increase 
in length of a metal rod is measured by a spherometer. 

The rod which is about a metre long is surrounded 
by a steam-jacket having inlet and outlet tubes for 
steam, and two other side tubes for introduction of 
thermometers (Fig. 13 ). The rod rests with its lower 
end on a glass plate fixed on the base board of the 
apparatus ; the other end, which is free to expand 
upwards,.reaches up to a hole in another glass ])late 
on the top of the ap])aratus. 'fhe glass plate supports 
three legs of a spherometer which is so placed that 
the central leg can be screwed down.to touch the top 
of the rod. 

Expt —Measure the length (/) of the'rod at the room 
temperature by a metre scale and place it in its proper 
position in the jacket. Introduce two thermometers 
in the side tubes and note the steady temperature ii 
after sufficient time hiis elapsed. If the readings of the 
two thermometers differ, thou take the mean of the 
two thermometers as This gives the room tempe¬ 

rature. Adjust the spherometer so that its central leg 
just touches the top of the rod and take the reading. Now 
screw up the central leg so as to allow sufficient room 
for expansion, and pass steam through the steam-jacket png 13—PuUin- 
for some time until the temperature becomes steady gee’s Apperatus. 
again, as indicated by the thermometers ; let this steady 
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tetzipdrature be fa*. Now*screw dowa the central leg antil contact is' 
«gain made and ^e the reading. The difference of the two spheres 
meter readings pves the increase in length, say x, of the rod for 

the rise of temperature (^ 3 —#!^. Then, we have, «t= 77 -^— 

The correctness of the result of the experiment depends upon the 
^iceuracy of measuring ike expansion of the rod^ is. on the accuracy 
of the spherometer readings. 

(ill) Comparator Method.—This is an accurate method and 
as used at the International Bureau of Weights and Measures for 

measurement of the coefficient 
of linear expansion of a solid. 

Inside a trough T (Pig. 14) 
containing water at two 
bars, one being a standard me¬ 
tre bar A with fixed marks on 
it near its ends exactly one 
-_____ metre apart and the other, the 

Kt M-The CompMatot Machod. ejperitnontel bar, say B, not 

shown m th^ figure, having 

two scratches on it about a metre apart, arc placed on Separate tro¬ 
lleys. The trolleys are carried on wheels by turning which the bars 
•can be moved and the scratches on them brought in turn under the 
microscopes Mi and These microscopes are mounted on massive 
concrete pillars E so that they may not be affected by change 
cf temperature. They are provided with micrometer screws (not 
shown) by which their positions can bo adjusted. 

The standard metre bar (A) is first brought under the microscopes 
and the latter adjusted by the micrometer screws until the scratches 
P\ and P 2 on the bar are just under the cross-wires in each cyc-piece. 
The distance between the cross-wires of the two microscopes is thus 
made exactly one metre Next the bar A is wheeled out and the 
other bar B brought in. The microscopes arc again adjusted until 
their respective cross-wires are just above the end scratches of this 
bar. In so doing the total shiflt of the two microscopes from their 
original position is noted. The length between the two scratches 
on the bar B at (fC. is found by adding or subtracting the tohd shift 
to or from one metre. In the next step, the temperature of the liquid 
bath is increased and maintained constant at some suitable value. 
The microscopes are again adjusted by means of the micrometer 
screws such that the scratches on B are again in the same vertical 
lines with the respective cross-wires. The extra shift of the two 
microscopes at this step gives the expansion of a length I of the bar 
B for the given rise of temperature. So the coefficient can be 
i^ordingly calculated. The method is called the comparator method, 
because the original length of the rod is found by comparing it with 
« Standard metre. 
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22. SttbBtanemB not affected by Changes of Temperahtre: _ 

There are a few substances, like fused quartz, fused silica, and invar, 
which are very little affected by change of temperature. Vessels, made 
of fused ,nHf*a, or tased* quartz, expand or contract very little when 
their temperatures are changed. In the laboratory the crucibles can be 
made red-hot and then suddenly cooled without any risk of cracking. 

Invar which is an alloy of nickel and steel, containing 36 per cent, 
of nickel, invented by the French metallurgist M. Guillaume, shows 
very little change of length with change of temperature ; its co-efficient 
of linear expansion which is 0*0000009 per “G. is almost negligible. 
The name ‘inva»*^ is derived from the word ‘invariable^. 

Note—H inHy be remembered here that glass and platinum expand or 
^ contract aj^ost equally, ^ 

L24: Superficial and Cubical Expansions : —The coefficient 
ofSuperficiffl expon^wn is the ratio of the change in area to the ori¬ 
ginal area of a surface at 0’ for unit change of temperature. 

If «5» and St be the initial area at 0" and final area at f of a body, 
f the rise in temperature, then the mean coefficient of superficial 
expansion, ^ 

(pronounced 5" ; or, St^Soil+Pi) "'(I) 


As in Art. 21, it can be shown that /3 — 
Sz is the area at and 8\ at ti. 


- S ^-8 


sAh-h) 


] where 



2$^Relation between < and P : —Consider a square surface 
(Fig. 15) of a homogeneous isotropic solid, each side of which is 
0“ and It at The area of the surface atO , 
and at iS't 

But lt—l» (l+<0, where <<. is the coefficient of 
linear expansion. 

.-. Since < 

is very small, terms containing and higher powers 
of < can be neglected. 

8t^hHl-^2ti) .(2) It 

Again from (1), = (1+/3/) ••• ••• (3) Fig. 15 

From (2), and (3), (V ; or, 

That is, coeffioieni of area expamion ^2 X coefficient of linear 
expansion. 

Note.—The error due to neglecting can be seen as follows ; 

Let us take the case of iron, where <«0‘000012. and /8 *0*000024. 

The part neglected i8™«t*=(00000l2)*. 

Percenta&re error in the value for the coefficient of superficial expan- 
flion per ®C. * — X 100a=s0*0006. This is a negligible enro«. 
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Th€ Coeffici^t of Cubical Expanxion of a Body :— 

It Ts the ratio of the change in volume to the original volume at 0* 
for unit rise of temperature. 

Thus, if Fp, Vt be the volumes at 0"'and respectively and 7 
(pronounced “gamma’'), the mean coefficient of cubical expansion 
then, 

As in Art. 21, it can be shown that 7— zjj —„ for all practical 

purposes, where is vol. at t 2 ° and Fi, vol. at 
ti, e^ansion of all solids being small. 

,2^. Relation between < and 7 :—Consider 
a {^id cube each side of wliich is h at 0°, 
and it at t (Fig. 16). Then, we have, as before, 






taining x.® and x^)=yo(l+3'<./)* 

But Bp^jToll + yO. Hence, w5 have 1 + 7/ 
^l+S^/* ; whence 7 = 8<>c approximately, i.e./Ae 
coefficient of cubical expansion —3 "X coefficient of Linear expansion. 

Examples—(i) A glass rod when measured with a zinc scale, both being at 
20^0.. appeare to be one metre long. If the scale is correct at 0'<J., what is the true 
length of the glass rod at 0 C. f The coefficient of linear expansion of glass is 8 x 10~ ® 
and that of zinc 26x10' ®. (/’ol. 1920) 

At 0°C, each division of the zinc scale m 1 cm. and at 20'’C. each division 
= (l+0-000026 x 20)=l-00052 cms. 

I metre or ICO cms. of the zi nc scale at 20'C. = 100xr00052=-100*052 
true centimetres. • 

Hence, the correct length of the glass rod at 20''C. = 100*052 cms, 

(The true length of the glass rod at 0 C.)X(l+O‘O00CO8 X 20)=100*052. 

The true length of the glass fod at cms. 

(2) A steel seals reads exact milltmetres at O'^C. The length of a platinum wife 
measured by this scale is 621 ^ when the temjitTature of both of them is 17^C. Find 

the exact length tn millimetres of the platinum wire. What would be the exact length 

of the wire at 0°C f 

(а) Coefficient of linear expansion of 8teel=0*000012. 

At 17‘‘C. one scale division of the steel scale which is correct at 0°C. is 
not exactly I mm., but a little greater than 1 mm. 

1 scale division at IT'^’C. would contract to 1 mm. at 0*C. 

621 scale divisions at 17‘C. would contract to 621 mm. at 0°C. 

/. The exact length in mm. of 621 scale divisions at 17‘’C. 

=621 (1+0*000012x17) »62 l*J27. 

(б) Coefficient of linear expansion of platinum=0*000008. 

Length of the platinum wire at 0“C. X {1+0*000008X17) =621*127. 


Length of the platinum wire at 0®C.= 


621*127 

■l*000136' 


>621*042 mm. 
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“(3) An iron bar u>ho$e Motional area i$ 4 eq. em. u heated from 0^0. tc IOQ'^0, 
Whoit force toovXd it exerf if it were prevmUd from eatpandina f The modulue of 
elaeticUy for iron^2 x 10^-^ dynee per eq, em.; the mean co-ejfioient of linear expan¬ 
sion of iron=0 0000122, 


Tf he the IpiTiffth of thfl bar at 0°C., and I its length at ICO’C., then 
=100 x 00000122=0*00122 ... ... ... (1) 

But we know that if I, be the natural length of the bar, and I its length 
when stretched with a force of F dynes, then the Young’s modnliis (F), 


r=- 

e 


il~h) ' 


—LI. (whore •=section<*l area of the bar) 
= 2xl0i*X4x0’00122 “976xl0^ dynes, from (1). 


(4^ A cube whose eidee are each 100 cme. at 0''C. is raised to lOO^C, Jf the 
I eidee become each 101 erne,, find the co-effieiente of linear and cubical expansions. 

■. The coefficient of linear expansion * 15i^^?=-0001 
and the coefficient of cubical expaii8ion*='*0001x3= 0003. 


(5) An iron dock pendulum makes 8640S oscillations one day ; at the end of 
the d%y the clock loses W seconds; find the chartqe in temperaiure. {The coefficient 
of linear expansion of iron is 0*0000117). 

^ (Pat. 1924 ; V P.B. 1987 ; A B. 1952) 

For a pendulum, *=2ir f ^ Similarly, it be the period of the pendulum 

* V g' 

when the length is increased to I' for any change of temperature 6. 

(oC = coefficient of linear expansion of the metal). 

There are 24 x 60 x 60 = 86,400 seconds in a day. So a correct seconds 
Cpend Ilium will make 86,400 swings m a day. 

In the example, sec.; 

^ 86,405 

From(l), J'=®|'^°^=VllT0=(l + <0)^^(l + -OOOOm^ 

»l+^COOOO1170.)=l+-OOOOO585e, whence 6 = l9'8X. 


86 400 ^.,^ 
<'= - „sec. 
36,395 


CO) A clock with a braes pendulum beats seconds at O^O. What will be the 
•diffierence in its rate per day when the temperature ie 20''C f (Coefficieni of linear 
‘expansion of brass is 0 000019). 

The time of vibration of a pendulum is proportional to the square root of 
its length. So, if t and t^ represent periods corresponding to lengths I at 
30X. and at OX, we have, 


(where .«(.=ooefficioni of linear expansion of brass. 

3=change in temperature) 

*Vl4-0-000019 x 30 *100028. «*r0C028 (V f^-lsec). 

Bnl the number of seconds in a dav=24 x 60 x 60=86.400=nnmber of 
swings of the pendulum at OX. when it beats true seconds. 

86.400 


The number of swings per day at 30®C.» 


1-0U028 


*863758 



834 


1 


IECrEBMEI>lA.XE PHYSICS 

So tho clock will lose (86.400-86.375'8) a*24*2 seconds per day. 

(7) A dock whioh keept correoi time at 2S''0. haa a pendalum rod made of 
braes. Bow many ereonde w%U it gain per day when the lemperaiure faUs to the free¬ 
zing point f {Uoeffictent of linear expansion ofbrasi is 0 000019 ) (0. V. 1931) 

Letio>=leDgth at 0“C.; Ia,=length at 25'^C. 

<o=period corresponding to the length Ij i tgj=p^io^corrP8pouding to- 
the length 1^, Then, we have,^**=> / V 

-(l+0'000476j^=(l-|-J X 0-000476) approx. *10002375. 

But because the pendulum keeps correct time at 25’C., the value of 
<a,*l second., I,=^pggi^8ec. 

There are 80,400 seconds in a day. So the pendulum makes 86,400 swings 
at 26®C., when it keeps correct time, fe. when **6*1, When period 

“foooavD*'”'- “* -1000^*=®^-*“ “• 

The pendulum gains (86,420‘62-864,00) =20‘62 seconds. 

28. Practical Examples of Expansion of Solids : —Tn many 
cases precautions have to be taken against expansions or contrac¬ 
tions of metals arising from changes of temperature. * 

(a) Why in laying rails, a small gap is left in between ? 

When railway lines are laid, a space of about a quarter of an inch 
is left between successive rails in order to allow for expansion when 
heated. But for these gaps the rail would buckle and cause train 
derailments. 

[Similarly, allowances are to be made for expansion in mounting 
girders for iron bridges The electric train lines, however, are welded 
tc^ether. These lines serve as electrical conductors and are conti¬ 
nuous. As they are embedded in the ground the variation of tempera¬ 
ture is small. The joints of gas and water pipes are made like those 
of a telescope in order to allow a ftertain amount of ‘play* at the ends.] 

(b) The length of metal clmins used in surveying requires cor¬ 
rection for variation of temperature. An ordinary clock faila to keep- 
correct time owing to changes in the length of the pendulum conse¬ 
quent on the variations of temperature of the atmosphere. It goes 
slow in summer when the pendulum lengthens and fast in winter when 
it shortens. To keep correct time the length has to be periodically- 
regulated. 

(c) In rivetting boiler plates, red-hot rivets are used, which on 
cooling, contract and grip the plates tightly and make the joints 
steam-proof. 

The sanjo principle is adopted in fixing iron tires on cart wheels. 
The tire is at first made somewhat smaller in diameter, and then 
heated until it expands sufficiently to be easily put on the wo^en 
wheel On cooling, the tire contracts and binds the wheel firmly. 
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Fire alarms are also base d on this principle. One form of this 
consists of a compound l)ar o^ brass ,and iron. When hot it bends 
over and completes an electric bell circuit, and rings the bell. 

(d) Why in drinking hot water^ a thin^bottomed glass is 
taken ? 

Thick-bottomed drinking glasses frequently crack if hot Water is 
poiu-ed into them. Glass is a bad conductor of heat. So it fails to 
transmit heat quickly from the neighbouring parts to equalise the 
temperatures in different portions, due to which there is unequal 
expansion of the inner and outer layers and hence it cracks. For 
identical reasons the hot glass-chimney of a lantern cracks, if a drop 
jiof cold water falls on it. 

I For similar reasons, a tightened glass stopper sticking in a bottle 
may be made loose and taken out by i>ouring hot water round the 
neck of the bottle By this tlie neck expands before the stopper does 
and so the stopper becomes loose. 

(ej In sealing metallic wires into glass, why platinum 
is used ? 

Sometimes it becomes necessary to seal metallic wires into glass. 
If a piece of copper is sealed through glass the joint usually frac¬ 
tures on cooling due to unequal contraction of copper and glass. 
But platinum and glass have almost the same coefficient of expansion 
and so platinum can be safely used for this purpose without fear 
of cracking. 


Example,—TAe dwtoncfl {>«tu;e«>n Allafuihad nnd Delhi ia 390 mile0. Findihe 
total apace th^t muat be left hettoeen the rails to allow for a change of temperature 
from 36 F. in wither to in summer, (All. J932) 

(Coefficent of expansion of iron==0’000012 per °C,) 

36''F.«(36-32) x 9=^-9 C.; -32)X®==^g®“G. 

390 mile8=»390 x 6280xl2x2'64 cma. The total space to bo left*expansion 

of iron rails 390 miles long for change of temperature 

= (390 X 6280 X12 X 2‘64) x 0*000012X 0*21 mile. 


[Alternatively Coefficient of expansion of iron ==0*000012xj? per 

' y 

e 

The total space to be leffc»»total expansion=390X(0‘C00012X^)X(117 
^ y 

- 30) mile-300 x (0*C00012X^)X81 mile* 390 XO'OOOO12X6X0 mile*0*2l mile.) 


29. The Compensated Pendulum : —^In a pendulum clock tiiie 
time-keeping quality depends upon its length, i. e. the distance from 
tho point of suspension to the centre of gravity of the bob, because 
the period of oscillation of the pendulum changes with the change of 

length according to the relation,-f=27r^ h 

It is evident from the above expansion that if I increases, t will 
become greater. In order that the rate of a clock may be uniform, 
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Fig. 17 


■the length of the pendulnm must not vary with temperature. If the 
length increases^ the period of oscillation wi{l increase and the clock 
taill lose time ; if the length decrea^esy the clock loill gain time. 
So generally in summer, the clock will lose, and in winter, the clock 
will gain time. 

In order to nullify the effects of thermal expansion and con¬ 
traction, compensated pendulums are constructed employing some 
special device whereby a constant length from the point of 
suspension to the centre of gravity of the bob is always 
maintained inspite of any variations of temperature. Such 
pendulums are called compensated pendulums. 

\fiarri8on*s Grid-iron Pendulum, —^This is the best 
form of a compensated [)endulum. The principle of cons¬ 
truction can be explained as follows : 

Let AB and CD be two parallel rods of different metals 
{Fig. 17), say, steel and brass, being connected by a cross- 
‘bar BG. If the point A is fixod, AB will expand down¬ 
wards, while CD mil expand upwards when the temperature 
rises. Now, if the lengths of the rods .are such fliat ^he 
downward expansion of .4/? is equal to the upward expan¬ 
sion of CD for any rise of temperature f, the distance AD will remain 
unaltered. So, if <, be the coefficients of expansion of A B and CD, 
and /, /' their lengths respectively, we have, Ut = f<'t ; or 

r .i* 

i,e. the lengths of the rods should be inversely proportional to their 
coefficients of expansion. It is also evident that CD which is shorter 
must be constructed with more expansive metal than AB. 

The actual pendulum consists of a frame-work (Fig 18) containing 
alternate rods of steel (shown in thick line), and brass 
(thin lines). The pentral steel rod C, passing through 
holes in the lower cross-bars of the. frame, carries the 
bob B at its lotver end. The arrangement is such that 
the steel rods expand downwardsy while the brass 
rods expand upwnrdsy aud the centre of gravity of the 
bob is neither raised nor lowered, if the total upward 
expansion is equal to the total downward* expansion. 
It should be noticed that in a Grid-iron pendulum all 
the bars, except the central one, are in pairs. 

So, if there are 5 steel rods, each \ \ cm. long, and 
4 brass rods, each ^2 cm. long, the effective len^h of 
the steel rods is 3^i, and that of the brass rods is 2l$y 
and tfjking the coefficient of linear expansion of brass 
Fi'tf ifi— to be 0 000019 and that of steel 0'00001‘J, 

Hatri»on’f Grid- we shall have, 

kon PVadulum. 24 0*000012 12 
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In oonatmcting good clocks and watches precautions have to be 
^taken to counteract the effects of expansion, in order to get a correct 
rate of mJ^ement of the mechanism. ‘ 

Note.—is now-a-days usual to make the pen¬ 
dulum rod of a clock of itivar, an alloy of nickel and steel, 
the coefficient of expansion (0’0000009) of which is almost 
negligible. 

The Mercury Fendalam .—^The bob of this 
pendulum is a frame-work provided with two glass 
cylinders containing mercury [Fig. 18 (a)J. The principle 
of compensation is similar to that of the Grid-iron 
pendulum; the rod carrying the bob expands down¬ 
wards, while the mercury expands upwards, and the 
quantity of mercury is so adjusted that the effective 
length of the pendulum. the distance between the 
point of sfA^ennon and the centre of oscillation re¬ 
mains unchanged when the temperature changes and 
so the rate of the clock remains unaffected. 

Me^cmy” • Compensated Balance Wheel: —Fig. 19 
Pendulum, illustrates the balance wheel of a watch. The time of 
oscillation of the wheel depends upon the average diameter of the 
wheel—^the smaller the diameter, the quicker the oscillation. So an 
ordinary wheel oscillates quicker in winter than in summer owing 
to contraction of the wheel due to low 
temperature. The compensation for tempera¬ 
ture change is secured in the following way. 

The rim of the balance wheel is made of three ^ 
segments, each segment being supported at one ^ 
end by a spoke joined to the centre of the 
wheel, the free end carrying an adjustable mass 
W. Each segment is made of two strips of 
dissimilar metals, the more expansible one 
being on the outside. ^ Fig. 19-The Balance 

With the rise of temperature, as a spoke Wheel, 

increases in length carrying the attached segment outward, the free 
end of the segment moves inwards, the outer strip of the segment 
expanding more than the inner one. The wheel is so constructed 
that the outward shift of the ^sses due to the increase in length of 
the spokes is equal to the inward shift of the masses due to the 
curling of the segments, when the temperature increases. The fine 
adjustment for this condition is made by means of the riders W. The 
average diameter of the wheel is thus kept constant, and the time 
period is unaffected by any increase of temperature. When tempe¬ 
rature falls, the effects and adjustments arc only opposite. 

Eiample.—2*ftere ord 5 iron rods, saeh 1 melni Umg and 4 hrwu rods «n • 
^trid.ironpsndidtm. What is ihs «sf saeh brass rod t {Tho ooaSMmt c/ 
■oapaoMlon of iron is O'OOOOlZ, and that of brass O'OtWOlS), 
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The effective length of the iron rods^3Xl=3 metres, 


end if i metre be the length of each brass rod, its effective length «2l.' 


• a^ o-oooo ia^ia. 

* ■ 3'“*0-000019 i9' 


or. 


I 


3X12 

2X19 


=18/19 metre. 


Questions 

1. A rod of iron and a zinc rod are each 2 metres lone at O^C.. and both 

are heated equally. At 50’C. the zinc rod is fourd to be longer by 0181 c^ 
Find the coefficient of linear expansion of iron when that of zinc is 0 0000298 
per“C. (C. U.1927) 

tAna. .• O-OOOOU? per "C.] 

2. The length of a cooper rod at 50°C. is 200166 cm. and at 2(X)'’C., it is 
200*664 cm. Find the length at O'^C. and the coefficient of linear expansion of, 
copper. 

Una. .* 200 cm.; 0 0000166 per °C.] 

3. State the laws of the simple pendulum. The pendulum of a clock ia 
made of wrought iron and the pendulum swings once per second. If the change 
of temperature is 25‘’C., find the alteration in the length of the pendulum. 
(Coefficient of expansion of wrought iron is 119x10''®). 

(Pat. 1920 ; Dac. 1942) 

[In this case, #=2 secs. So l=ir t whence ?=99'39 cms. 

If I be the initial length of the pendulum, the length after the temp. i« 
increased by 25°C. =1(1+0 0000119x 25). The alteration in length 

a=*(l+0*OOOOU9x25) -*=fx0*0000n9 x 25=99*39x 00000119 x 25 = 0-02956 cm,] 

4. Define the coefficient of cubical expansion of a solid. Dpes it differ 

when, (a) the lengths are measured in centimetres or feet, (6) the temperature 
is measured in Fahrenheit or Centigrade ? (C. U. 1931) 

5. Define the co-eff. of linear expansion. Docs it depend on (*) the unit of 

scale of tempetatuTe ? (Vis* U. 1952) 

6. A brass scale reads correctly in mm. at 0°C. If it is used to measure 
a length at SS^C., the reading on the fcale is 40*5 cms. What is the correct 
measurement of the length 7 

[Ana. .* 40*525 cms.] 

7. A zinc rod is measured by means of a brass scale (which is correct at 
0“C.), and is found to be TOOOl metres long at lO^C. What is the real 

the rod at CPC, and at 10°C 7 (Pat 1949; Nag. U. 1951; Utkal. 1951) 

<(zinc) ■(0‘0(XX}29 per “C.; < (brass) *0*(XX)Ol9 per “C. 

U«».i (0 2-000000018 metre.; (*i) 1000290019 metres.] 

8. A platinum wire and a strip of zinc ate both measured at 0°C., and their 
lengths ate 251 and 250 cms. respectively. At wbat temperature will their 
lengths be equal, and wbat will ^ their common length at this temperature. 
(The coefficient of linear expansion of zinc is 0'0CX}026 and that of Platinum 
•1*0000089). 

[Ane..* 234°C.; 251*523 cms. 
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9. A brass scale measures true centimetres at lO^C. The length of a copper 
rod measured by the same t^pale is found to be 100 cms. at 2(rc. Find the re^ 
length of the tod at 0°C. (The coefficient of linear expansion of copper is 
0*000017 and that of biass 0 000019.) 

[An$.: 99*985 cms.) 

10. How could you show that brass expands more than iron when rods of 
these two metals ate heated through the same temperature ? 


11. Define co>e£r. of linear expansion of a solid. How ia it related to the 
co*efir. of cubical expansion ? 

It steel railroad rails are laid when the temp, is 35"F., how much gap J®ust be 
. left between each standard 39 ft. rail section and the next if the rails should just 
* touch when the temp, rises to 120°F ? otfor 8tepl»12Xl0*® per y 1955 ) 

[Ana,; 0‘27 inch.] 

• 

12. A railway Imc is laid at a teraparature of TO^ If each rail be 40 ft. long 
and firmly clamped at one end, calculate how much space should be left between 
the other end of the rail and the next one when the tempera^ture rises to 34°C. 
(The coefficient of linear expansion for iron is 0 0000109 per °C.) 

[Ana, .• 0*141265 inch.] 


13. What space should be allowed per mile of engine rail to avoid stress in 
the tails for the variations of temperature between 25'C. and —5 C. ? 

[<(iron)=0 0000109 pet ^C.] 

[Ana. .* 3*7265 ft.] 


14. Railway lines are laid with gaps to aUow for 

■ is 0*5 in. at 10 C., at what temperature will the 

® per °C.) 

(C. U. 1953 s G. U.1951) 


between steel lines 
lines just touch ? 


66 ft. 


long___ 

(at for 8tecl=ll X 10" 


[Ana.; 

15, The diameter of an iron wheel is 3 ft. If its temperature is raised 400®C., 
by how many inches is the circumference of the wheel increased 1 


[Ana.; 0*493 inch.] 


16. A steel tyre 4 ft. in diameter is to b«fshrunk on to <Trr» 

the average diameter is 3/8 inch 8r**ter than the inside diamcte ly . 

Calculate the f»ece 58 try rise of tcidperature of the ^ 

easily slip on the wheel (coeff. of expansion of the tyre— 00000112 .) 1922) 


[Ana.: 232*5'C.nearly] 

17, An iron ring of diameter 1 ft. is to be shrunk on a pulley of dianmter 
1*005 ft If the temperature of the ring is lO’C., find the tem^rature to wnicn 
it must be raised so that it will slip on the circumference of the pulley. 

« for iron=0*000012 pet ) (E. P. U.. 1953> 


[Ana.: 426*6°C.] 


18. The coefficient of linear expansion of brass is 0 000019 1 if the volume 
of a mass of brass is 1 cubic decimetre at O^C., what will be its volume at 
100 °C.? 

[Ana. i 1*0057 cubic decimetre.!! 
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19. A lump <s£ iron hu a volume of 10 cu> ft. at lOO'^C. Find iti volume at 
2S®C. (< for iton»0‘0000l2 per ®C.). 

[An#..* 9*97ctt.ft.]. 

20. The vcdume of a lead bullet at 0°C. ia 25 cc. The volume incteaaes at 
98®C. by 0*21 c.c. Fiad the coefficient of linear expansion of lead. 

[Ant,! 28‘6X10'* per®C.], 

2L Two bats of iron and copper differ in length by 10 cmi. at 0°C What 

must be their lengths in order that they may differ by the same amount at all 
cemperatuiea. (The coefficients of linear expansion of iron and copper are 
0’000012 and 0’000018 respectively.) 

[Aim. : Iron, 30 cms.; Copper, 20 cms.] 

97 Describe any method for determining the coefficient of linear expansion 

.solid ( E. P. U. 1951; C. U. 1942. ’53 ; All. 1925; G. U. 1953 : 

“ ® • Nag. U. 1955 ; Pat. 1920 ; Dac. 1934) 

23 One end of a steel rod is fixed and the other presses against an end of 

emi from the fulcrum. The rod on being heated turns the lever 
Jlioulh 2\ mnd the increase in length of the rod. * (Pat. 1926) 

[Aim. ; 0‘366 cm. neatly.] 

24 One end of a steel rod of length 61 cm. is fixed and the other presses 
atfainst an end of a lever 10’5 cm from the fulcrum. The rod on being heated 
through 500'’C. turns the lever through 2°. Find the co-eff. linear expansion 

of the rod (90“s| radians). 

[Aim.; 12X10*« per,°C.] 

25. Define the coefficients of linear and cubical expansion. 

Show that the latter is three times the former. ' 

(E. P. U 1951 C. U. 1951, Vi., U. 1951; P. V. ; P«. l«6/49.^2 

A brass ball whosc vol. is 100 C.C. and whose mass is 820 gms. is heated 
ftomVoto500'’C. Ifthecoeff. of linear exp of brass is 0*00001^ 
difference in the density of bta»s at the two temps. (C. U. 1951) 

[Aim. : 0’216 gm./c.c.3 

27 A grid-iron pendulum is made of 5 iron rods and 4 brass rods. Etch of 
the biass rods is 50 cms. in length. Fipd the length of each iron rod. ^ ^ 

(«tfor iron=sl2XlO“* per°C. 
xfor brasssslSXlO’* per°C.) 

[Aim. ; 50 cm.] 

28 Describe the effect of varying temperature on the rate of a clock or 

watch, Explam how chronometers are constructed so as to keep achate time 
inspitc of changes of temperature ? (C. U. 1925) 

29 Why should the time of oscillation of a clock pendulum change with 
rise of temperature 7 What arrangement is mad* to make the clock give 
correct time both in warm and cold weather? Given that the coefficient of 
linear expansion of brass is 0*000019 and that of steel 0*000011; what must be 
the relative lengths of the bars of the metals used in the Grid-iron pendulum ? 

[Aim, ; 11; 19] *• G* G. 1949) 

90. Write cxplanitory notes on compensated clock-pendulums and watch 
bul ^upg wheels; give ffiagtems, (Utkal. 1954) 



CHAPTER HI* 

EXPANSION OF UQUIDS 

31. Dilatation or Expanuon of Liquido Liquids must 
always be kept in vessels, and since the liquids have no definite shape 
of their own, and always take the shape of the containing vessels, the 
thermal expansion or contraction in the case of liquids is always 
cubical lin^r or area expansion has no meaning for them. 

sX/'Bidal and Apparent Expansions. —‘In any experiment on the 
thermal expansion of liquids, the liquid has to be placed in a vessel of 
some sort, and the heat applied wiU also, in most cases, make the 
vessel expand. As a result, the liquid expansion which we observe, 
called the apparent expansion of the liquid^ is less than its real 
expansion. Thetexpansion of the vessel partly makes the expansion of 
the liquid and makes the latter appear less than what it really is. 

In Fig. 20 temperatures are represented along the abscissa and 
volumes along the ordinate. Consider a glass vessel containing a 
volume 0^ of % given liquid at O^C. Suppose 
its temperature is raised to fC. represented 
by OA. Let the straight line BE represent the 
expansion curve of the vessel, assuming the 
expansion to take place uniformly as the tem¬ 
perature rises so that at f C. the volume is 
AE, Again, let the straight line represent 
the expansion curve of the liquid so that its 
volume at t C. is Af\ assuming the liquid 
expansion to be greater and also uniform 
over the temperature range considered. Let 
the horizontal through B meet the verti¬ 
cal line AF at A so tl^at DF gives the real 
expansion of the liquid for fC. rise in tem¬ 
perature, while DE gives the expansion of 
the vessel for the same rise. Therefore, the observed expansion, i£. 
the apparent expansion, will he given hy EF only. Since DE 
+EFf ihe real expansion DF of the liquid is equal to the apparent ex¬ 
pansion {EF) of the liquid plus the expansion {DE) of the vessel. 

Or, apparent expansion real expansion’-expansion of vessel. 

N.B. If the liquid is more expansible than tiie matexiid of the 
vessel, there will be, on the whole, an apparent expansion of the 
liquid. In the reverse case, the liquid will apparently contract. -If 
the two expand equally, the volume of the liquid will appear to remain 
constant. Because the liquids, in general, expand more lhan the 
solids, there is ordinarily an apparent expansion, when a liquid is 
heated in a vessel 
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Note also that a hpUow vessel expands as if it were solid, 
having the same volume, because if the hollow of the vessel were also 
solid, after expansion it would fit in with the outer vessel. 

>X!oefHcient of Expansion (or Dilatation). —(e) The coefficient 
of apparent expansion of a liquid is the ratio of the apparent in¬ 
crease in volume produced by a rise of temperature of V to the volume 

of the liquid at 0 "; or, symbolically, 7.= 

r r o ^ t 


(ii) The coefficient of real (or absolute) expansion of a liquid is 
the ratio of the real increase tn volume produced by a rise of tem¬ 
perature of 1° to ike volume of the liquid at O"; or, symbolicallyy 
y increase in volurm 


The above two coefficients are little affected if the increase in 
volume is referred to tlic original volume' at any temperature instead 
of to the volume at 0 , for the expat)&\ons ot all iKpnds are small. 
So, as pointed out iu the cast's of linear and sup *rficial t'xpausions, 
tiio mean coefficient of liquid ('xpansion, real or apparent as the casi' 
may be, may nl&o be expressed as, 


Coeff^ of expansion^ 


_ ir^ieasfy in volume 

01 iginal volume X ? ise in temp. 


Relation between 1 r and 7a .—If a volume of liquid be 
heated through its real expansion = appari'nt expansion 

— Fy. 7a f, and the expansion of the vessel == V„.7.ty where 7 = cocfi’. 
of cubical expansion of the material of the vessel. So because 
real expan^ion=app<irent expansionexpansion of the vessel^ 
F„.7r./= F,.y«./+ V,.7.U 

or,yr=r«+y 


32. Variation of Density with Temperature :—We know 

that ^ substance (say, a liquid) 

occupy F c c. at 0 then its density at this temperature, do = m/ Fo 

gms/c.c..(l) The volume ocoqpied by the same mass at 

will be Ft, when the density, dt —mf Vt gms/o.c..(2). 

But Ft = Fo{l+‘yr/}-"(3), where 7r is the coefficient of real cubical 
expansion of the liquid. 

From (1) and (3), ^ =5 ; 

dt Fo V„ 

‘or, do—dt{l’\-7ri) ••• ... (4) 

or, dt ==do(l+yrO"^ ; or, dt =do (1 —Tr./), approximately - (5) 



[Note ; Compare equations (3) and (5) ] 
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^Ezamplet.--(I) Thi dtniUy of mtrewy it lS'S$*at C^O, WhatwQlbtAt 
•oolumt of SO kilogramt of mtrcwry ol lOOPO^ tkt Mtffioknt of taspantion of mtmutf 
'bting IISSSO, 

Let d|oo “density of mercury at lOO^C., do^density of mercury at 0°C. 

We have, do—di0gm-7fO 

j _ do _ 13’59 _13'59)f5550 

*^^“‘’“l+Yr<*l+(jS;xlOO> '' 3650 ■ 


1 - < 30X1000_ 30X10001 -07 

So, the volume of mercuryss—^- 13*59 x 5530 

" 5650 


(2) A gl'ut hydrometer rtaditpecifie gravity 0'920 in a liquid at iS'^C. What 
would be the reiding at IS 'O.f Coefficient o' -mbicil expantion of the liquid= 
0-000525 and that ofqlaea^O 000024. {Pat. JQH) 

L Let 1^46, F,j =*volumes of the hydrometer at 45'*C., and 15X., respectively t 
^ 45 , d|i=den'iities of the liquid at 45’C. and 15 C. respectively; then 
di»=d48{l+Yr{45-15))...(from eq. 4. Art. 321=^4, (1+0-000525 X 30) 

=J4,Xl0i575; and Fis-Fj.(1+0-000024 X 30) ; Fjj«F^, (1-0-000024X30 
=(F4,X 0-99928). • 

Again the mass of Fu c.c. of the liquid at 15®(7.=:Fit Xd^,. 

Fi5Xdas=(F45X0-99928)Xdi 5x1-01575. 

d, ,= FC.- d*, =0*920). 

, • 'X5 

(5) A CT/Iinffor of iron 20 inehet long, floats vertically in mercury, both being at 
the temperature 0 C. Jf the common temperature rises to 100 U., how much will the 
cylinder sink? 8p. gr. of non at 0 0.^1 6 •, sp gr. of mercury at 0 O.st 13 6 ^ 
cubical expansion of merew^y between 0 C. and 100 C st0'0l8153 ; linear expansion 
of iron between 0 0. and 100 C.==-0 001182.']. {Pat. 2942) 

Let and be the lengths of die cylinder immersed in mercury and 

-dioo the areas of the cylinder at O'C. and 100 C. respectively. 

The density of iron at 0''C.=* (7*6x62*5) lbs. pet cu. fr.ssdo say ; and that of 
0 mercury at 0 C.=(13*0X62*5) lbs. per cu. ft.=f>o» s^y ; and let their correspon- 
* ding densities at 100 C. be <i,oo and Pioo^ *ben from cq. 5. Art. 32, 
dioo=do(l-3 x 0 001182) and Pioo“Po (1-0-018153). 

By the law of floatation we have (20X^4^) xdl£,«=(ioX4o)XPo (1) 

and {20(1+0-001182) 4],oo^^dioo~t^iooX.dj^oo^^Pioo ••• (2) 

From (1) we have, J62*5) 

Po 13 ox 62 5 

and from (2), 20(1+0*001182) xd^ (l-3XO#001182)«IiooXPo(l-0-018l53) 

or, 20(1+0*001182) x (7*6 x 62-5) (1-0*003546) 

-<100 X (13-t)X62-5)(l-0-018453); whence fioo=ll’355'' 

So the extra length of the cylinder which will sink in mercury when the 
temperature rises to 100°C.* (11*355-11*176) =0*17y'. 

hjj(.r33. Determination of the Coefficient of Apparent 
Expaneietn^ofa liquid:-^ 


The Weight-’thermometer Method.- 


Tbe following method in which a weight-thermometer is used is a 
convenient laboratory method for determining the coefficient of 
apparent expansion of a liquid. The common form of such a thermo¬ 
meter cousists of a glass-bulb (Fig. 21) having a bent capillary stem 
4ra,wn out of a narrow nozzle. 
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A glass tube of smtable size atid material is taken. It is, at firsV 
carefdly cleaned and then dried. By blowing, a bulb having a capi¬ 
llary stem of the type shown in Fig. 21 is then made. The wt- 
thermometer so constructed is then carefully weighed empty {ic gms.). 
It is then completely filled with the given liquid by dipping ^e 
nozzle inside the liquid and alternately heating and cooling 

the bulb. With the nozzle still inside the 
liquid the rest of the bulb is kept immersed for 
sometime in water in a tub at the room tempe¬ 
rature. After the contents have attained ^e 
steady temperature (say of the water which 
is recorded by an ordinary mercury thermometer 
inserted in the water, the bulb is taken out, wiped 
dry, and weighed again {w \ gms.). The bulb ii 
again put under water in the tub with the nozzle 
now projecting outside. Thc^water is kept well- 
stirred and gradually heated until a suitable steady 
Fig. 21— Weight temperature, (say/2“Qis attainedasindicatodbythe^ 

Thermometer. inserted thermometer. The contents of the weight-* 
thermometer now have attained the raised tcraper^iture oi the bath. 
As the temperature is raised, the liquid inside the weigh't-thermometer 
expands and some of it is continuously forced out until it reaches a 
steady temperature. The thermometer is now removed from the 
bath, allowed to cool and finally brought to the room teD)perature by 
Upping it inside water as was done previously. It is tliei» removed 
from batii, wiped dry, and weighed again (m >2 gins.). The residual 
liquid in tlie bulb, however, contracts to a smaller volume due to 
cooling. 

Calculation — 



Mass of the liquid filling the thermometer at 

^wi — w = mi gms. (say). 

Again, mass of the liquid filling the thermometer at t^C, 

—gms. (say). 

Neglecting the expansion of the weight theimometer it 

evident that 3ie volume ocedpied by m\ gms. of the liquid at t\C* 
is the same as that occupied by w# gms. of the liquid at <2°6’. Now 
the volume of Wi gms. of tiie liquid at is equal to mj/p c.c., 
where p*®density of the liquid at iiC. in gms./ac. So this is also 
the volume occupied by Wg gms. of the liquid at t^°C. But the volume 
of wg gms. of the liquid at t\C. is Wg/p c.o. So we find that a mass 
of «ig gms. of the liquid, when heated from t\C. to /g^C., apparently 
expands through (wi/p—wg/p). In other words, the coefF. of apparent 

expansion of the liquid, 

^x(#g-^i) 

P 

^mass of liq uid expelled on heating. 
mass remaining X rise of temp. 
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Slnce the eoefiloient is obtaiued in. the dxpt. from different weights^ 
the method is known as the weight-thapiometer method. The method 
is not suitable for volajtile liquids. 

Absolute Expamion. —^The coefhcient of absolute expansion of 
the liquid can also be calculated in the following way from the above 
data— 

Let Then ^2= F where 7 is the coefficient of 

cubical expansion of glass, and di=dz\\^ 7, .t\ (vide Art. 32), 
where 7r is the coefficient of absolute expansion of the liquid. 

From Eq. 1, ”*-' = -^1= = l JM-, 

W2 V^d^ f^id2 {l"b^.H“y. t 

or, m2+ni27rt = mi'hmi 7 t. 


or. 


m 2 7r=^-- ; 

• % 


or. 


m2-i m 2 


If only the apparent expansion is required, 7 should be neglected 
and the coefficient of apparent expansion becomes, 

7 -^“^2 . 

, • " m2 X < 


Notes.—(1) Because in the above experiment weights (and not 
volumes) are taken for the determination of the coefficient of expan¬ 
sion, it should not be thought that the coeflicient of expansion is equal 
to the increase per unit mass of the liquid for 1’ rise of temperature. 


(2) The above instrument is called a Weight-thermometer, 
because by knowing the coefficient of apparent expansion of a liquid 
and by finding the weight of liquid expelled at the h%her temperature 
we can determine an unknown tempefotwe. 


Examples.—(I) The maae of mercury overflowed from a weight thermometer 
i» 6'4 gtne, when heated from tee to eteampotnt. The thermombter ie placed in 
an oil bath at 20 C, On h^ing the bath, 8'64 gtne. of mercury flow oat. Determine 
ihe tomperatwre of the bath. 


The mass of mercury overflowed for (100- 0)°C.s*5*4 gms. 

* The mass overflowed tor rC.=5'4 4-100»0‘054 gm. 

or the overflow of 8‘64 gms. of mercury, the rise of temperature of oil 
8*64 36(7 c. 


So for 
bath® 

0054 


Hence the actual temperature of the bath® 160+20® 180**C. 

( 2 ) A weight, thermometer weighs 40 {mut. when empty, and 490 gme, when 
Jihd with tntreury at 0°C. On heating it to lOO'^O., S 85 gme. of mercury teeape. 
Odtauiaie the eoef^ient of linear eatpameion of glass, the coefficient of f'eal etepaneion 
ofmeroury being 0-000182. 


Maas of mercury in the thermometer at 0^C®>490—40* 450 gms. 
The mass of mezcuiy left in the thermometer at 100”C. 

a450-6'85«443-15 gms. 


The coefficient of apparent expansion of mercury 
"44^*151100-0) 
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Hence, the coefficient of Cubical expansion of glass»coefficient of teal 
expansion of mercury — coefficient of apparent expansion of mercury. 
=0*000182-0'000155 *0-000027. 

.*. The coefficient of linear expansion of glass *>0*000027 +3 *0‘00(XX)9. 

(3) if ilit eoeffioieni of appafeWt 9xpaf%ai(m oS mtrmry in glau fca 
mata of mermry toiU overflow from a weight-thermometer whioh oontairw 400 gnu. 
nf mercury at 0^0., when the temperature ie raUed to 90°O. f (0. U. 3930) 


We have, Ya * - 


Ph —mt 




or, 


1 _ 400--m/ 
ma90-0) 


. _ 2600000 


394-53. 


The mass of mercury expelled=mo —=400-“394*53= 5-47 gms. 


(it) Oilatometer or Volume Thermometer Method .— 

dUatometer (Fig. 22) consists of a glass bulb with a graduated stem of 
small bore lf*ading from it. It is used as follows. 
Weigh the dilatometer empty. Let this bo W\ gms. 
Introduce mercury in the tube to fill the bulb and a 
part of the stem up to the zero mark A. Weigh 
again, and let this weight be w^. Put in fhore mer¬ 
cury to fill, say, up to B, the length AD being I eras. 
Weigh again. Let this third weight be Wa gras. 
Then the weight of mercury occupying I eras, of the 
stera={i /?3 —w'g) gms = say, m\ gms., and the weight 
of mercury in the bulb and stem up to the zero mark 
^{w 2 — Wi)gins.=^mft gms., say. 

J|I .*. wg gms. of mercury would oocupy^^® x J ^cms. of 

j j the stem, and the volume of the bulb up to the zero 

mark of tibe stem=^^ xZx<z (if a sq. cm.—area 

m 

cross-section of the bore of the stem). 


B 


of 


Fig. 22-The 
Dilitometer. 


The bulb and part of the stem of the dilatometer is then put in a 
water bath, the temperature ifi of whicE is measured, and the length 
l\ of the mercury height, at temperature ti, is read accurately. 
Increase the temperature of the water bath up to t 2 °C., and read the 
level of mercury which is, say, at 0 now, the length A0*being Iq cms. 
Then the volume expansion of (Z 2 ” ?i) cms. of mercury column for 

C.C., and the original volume= |x /xa^o.c. 

Mean coefficient of expansion between ti^^C. and 
increrute in volume 


Original volumeXrise in temperature 
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a-___ { h'~h) __ 

('^x ixa+ha )x{t2'‘h) f—xWi)(/a-<,) 

\W*1 / , \,wil / 

Note—The calculation will be eaaiec if the density of the liquid is supplied 
(efds example 2 below). 

Examples.—(i) A long glaa$ tube of uniform capiUary bore eontame a thread 
of mereury which at 0'’O. is one metre long. At lOO-'G. it is 16 6 mm. fonder. 
If the average eoeffioient of volume ezpaneion of mereury is 0 000182, wiutt is fAs 
ooeffioUmt of expaneion of g\a»t t (0. V. 1910) 


Increase in volume 


Coefficient of expansion of mercury-- - - 

Original volume x rise in temp. 

_.1'65 era. y area of the cross* section _ q-qqq 

100 cm. X area oi croas-eectionXlOt) 

4 

Coefficient of cubical exoansion of glasssscoefficient of absolute expansion of 
mercury—coefficient of apparent expansion of mercury (vtda Art. 31) 

*O-00i)J82-O 000165=0-000017. 


.'. Coefficient of linear expansion of glass'*^ ^^^2—0 0000056. 

(2) A glass bulb tnifh an aecuratelu graduated stem of uniform bore weighs 
30 gms whm empty^ 356 gms. when filled with mercury up to the 16th division, 
and 356'15 gms ^hen filled up to the 110th division. Find the mean eoefiicient 
of apparent erpaneim of the liquid which fills the bulb and the stem up to the zero 
of the graduations at 0 C., and up to the 80th division at 10 C. {The density of 
mereury is 13 6) 


The capacity of the bulb and 16 divisions of the steni= 


356-30_3'’6 
13-6 13*6 


C.C. 


3 * 56 * 1*5 3*56 

and the internal volume of each divisions=r-^ 


0-n 


. C.C. 


13-6 X (110-1 ) 13*6X94 

Hence the capacity of the bulb with the pare of the stem below the zero 


mark- 


326 0*15x16 

l3-6“l3 6x94 
1532(f-8 


.1‘^3’0 8^ cc 

‘13*6X47 ■ 


Thus the initial volume of the 


136X47 
80X0*15 


c,c., and the total apparent increase of volume for 10°C. 


13*6X94 


c.c. 


Hence the coefficient of apparent expansior* of the liquid 


/ 80 X 0*15/15320*8 
\ 13*6X94/13*8x47/ ' 


10»0*00003915. 


(3) The oorffieient of absolute expansion of mereury is O'QOOIS i the^ eo- 
rffleient of linear expansion of glass is O'OOOOOS. Mereury is placed in a 
graduated tube and oeeupies 100 divisions of the tube. Through how manj^ 
degrees of the tube must the temperature he raised to cause the mereury to 
occupy 101 divisions t 


Let * be the number of degrers ; then the length of the mercury column for 
r rise of temperature=]00(1+0'00018 <). 


This becomes equal to 101 divisions of the tube after expansion. 1 divi¬ 
sion of the tube** . But 1 division of tbe tub* becomes 

(1+0*000008 f) divisions at f. 
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100(l*f0‘00018f) 

101 


1+0*000003 ij 


whence 


0*018 - 0*000808 “0-017192 


«58*2=C. - 


34. ExpoMsd Stem Correction for a Thermometer :—The 

correction for the exposed portion of the stem of a thermometer will 
be best understood by the following example : 


A mercuHal thermometer u placed toith its bulb and lower part 
ef the stem in a liquid and indicates a temperature fC. The upper 
pwtion of the stem containing division of mercury column is in 
air at $°C. Find the true temperature of the liquid. 

The true temperature T' of the liquid is that which the thermo¬ 
meter would indicate, if completely immersed in the liquid. Then n 
divisions of the mercury column, now at B°C, would be at and 

at that temperature would occupy wll + 7(T-^][| divisions, where 
y is the coefficient of expansion of mercury in glass. 

The corrected length of the exposed portion would be greater 
than the actual length by nll + TlT— ^)} — 7i =7i{T- B)y. 

Hence, the true temperature of the liquid, T=U\rri{T—Q)y. 

Example.*— bulb of a mercurial thermometer and the otem upto the zero 
mark arc immeraed »n hot water at 100 O , while the remainder of the etem i$ in 
the air at 20 O. What will be the reading of the thermometer 

Uamg the formula given already, we have r=lCM), n = <, 0»2O, 7=0*000155 


100=:<+«x (100-20) X0*000155-10124« or «=98*77 C. 

^ Coefficient of Absolute Expansion (a) Dulong and 
Perns Method —In 1816 Dulong and Petit developed a method of 

determining tlie coefficient of real expansion 
of a liquid, i.e. in which the expansion of the 
containing vessel has no effect on the observa¬ 
tions from which the expansion is to bo calcu¬ 
lated, , 

The method consists in balancing the 
pressure of one column of mercury at a cer¬ 
tain tempei^ature against another column of 
the said liquid at a different temperature. 
Since pressure ih measured by the force per 
unit area, it is independent of the cross-section 
of the liquid column, i.e. the method is inde¬ 
pendent of the expansion of the tubes contain¬ 
ing the liquid. So the method gives the co¬ 
efficient of real or absolute expansion of the 
liquid. The liquid taken by him was mercury. 

The apparatus consists of a U-tube filled 
with the liquid (Pig. 23). One limb of the 
TJ-tube is kept cool by packing one of the 



Fig. 23— Dulong and 
Patit's Apparatua. 


jackets with melting ice, while the temperature of the other is increas- 
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•«d and maintained by passing steam through the jacket A piece of 
blotting paper constantly eoaked with water is placed on the horizon¬ 
tal portion in order to prevent a flow of the liquid from one limb to 
another. Thus two different temperatures are maintained in the 
liquid in the two limbs. 

Let ht and h, be the heights of the two liquid columns at fC. 
and o'" G. respectively. 

Let S, be the density of the liquid of the cold column, and be 
that of the hot column. Then, the pressure exerted on the horizontal 
portion of the tube by the cold column—4* P, and that by the 
hot column 9 +P, where P—atmospheric pressure. But, since 
the two liquid columns arc in equilibrium, we have, Kd^g=ktdtg ; 

or, But do —(l+'yff), where Tr is the coefficient of real 

dt • 

expansion of the liquid. 

' 1+1-./=^ : or, ... (1) 

hot 

Laboratck'y Experiment —^The above experiment can be done 
in a laboratory by circulating water at the room temperature through 
the left-hand jacket, instead of melting ice. The formula (11 should 
then be slightly changed as follows ; 

Let hi and A 2 be the heights of the cold and hot columns, and 
tit ti their temperatures. If di, be the densities of the cold and 
hot columns respectively, we have, hidig^h^d^g : 

'W, [V d.=d,(i+r.<,)] 

l + l + 7i-t2 

or, ^ 2 (l+‘yrfl) = ^l(l + Yr< 2 ) *, OF, —+AlTr <2 

or y - 

' *i«s-vr 

Sources of error .— * 

(1) For liquids having small •oot'fficients of expansion, such as 
mercury for which the value is O’OOOIS, the difference in height 
between the two columns will be small, and with the apparatus des¬ 
cribed above it will not bo an easy task to measure it very accurately. 
A oathetometer telescope may, however, be used, instead of a metre 
scale, for greater accuracy in this respect. 

(2) Some parts of both the columns are always outsicle the jacket; 
temperatures of these exposed parts are not known definitely ; nor are 
they taken into consideralion in the calculation. 

(3) The blotting paper moistened with water placed on the hori- 
zontel part of the tnbe is used to prevent convection oorrents but it 
fails to do so completely, and so the hot and the cold liquids will mix 
«P to some extent. 
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(4) Temperatures of the mercury heads in the two limbs were 
different. This introduced difference of effects due to surface tension. 

[Note. —The above method is independent of the cross-sections of 
the two columns and so the diameters of the two limbs may be 
different without in any way interfering with the result.] 

In the modified actual arrangement used by Dulong and Petit, the 
upper ends of the two vertical limbs were again bent at right angles 
towards each other and were placed side by side for oouvcnionce of 
reading. A plane mirror placed behind these two tubes was used to 
avoid parallax In Dulong and Petit's apparatus, the top of the hot 
column of mercury had to project above the bath in order to be visible^ 
and hence did not attain the correct temperature. Tiie two mercury 
surfaces also had different curvatures, because tlic surfac<‘ tension of 
mercury is much less when hot than when cold, and? this difference in 
curvature was difficult to allow for. Regnault subseciuently removed 
the above-mentioned defects in a highly miproved apparatus. 

(6) Indirert Method .—Knowing the coefficient of absolute expan¬ 
sion of mercury by Dulong and Petit's method and‘the ,co(‘ffioient of 
apparent expansion of a liquid and also that of mercury by the w('ight- 
thermometcr or any other method, the coefficient of cubical expansion 
of the material of the weight-thermometer can be obtained and also 
the coefficient of absolute expansion of the liquid as shown below. 

Suppose the coeffs. of apparent expansion of mercury and glyce¬ 
rine arc determined by the same weight-therraomcicr. 


Let yr^^Coeff. 

of 

real expansion 

of 

mercury. 

I a n 


apparent 

M 


»» 

„ 


real 

ff 

>1 

glycerine, 

y ^ SS 

• a ff 


apparent 



u 

y - „ 

V 

cubical 



container. 

We know, 

'+7 

* ... 

(1), and 




+7 , 

• • • • • • 

(2). 




From(l)aiid(2), rr^ = Va‘'4-('y/’-'r«’"). Knowing and ex¬ 
perimentally determining 7a"* and 7a** by the same weight thermo¬ 
meter, 7r^ can be indirectly thus determined. 7 for the container 
can be calculated either from (1) or (2). 

(c) Regnault's Method —Regnault's apparatus consists of two 
vertical iron tubes AB and CD (Fig. 24) joined at the top by a 
horizontal cross-tube AD which has a top hole L. Suppose one of 
the tubes say, A//, is placed in a water bath at the room temperature 
/t and the other tube CD is immersed in a hot bath whoso tempera¬ 
ture can be maintained constant at any desired temperature i^. For 
uniformity of temperature, stirring arrangements are provided in 
both the baths. The horizontal cross-tube BG which connects AB 
and CD at the bottom is interrupted in the middle at E and G 
wbfife two vertical glass tubes EF and OJ are joined and 
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connected with each other. The inter-connected tabes EF and QJ 
are connected through^ a side tube 
P to an air-reservoir whose pres- 
sure can be modified by an air 
pump. The tubes EF and OJ are 
placed inside a common water bath 
at the room tcmp<Tature. Mercury 
is poured into AB and CD and 
cold air is forced in through the 
pipe P from an air-reservoir by 
means of a pump whereby th(‘ ifi 
level of mercury in AB and CD 
becomes equal, any excess mercury pig, 24—RegnauU’s Apparatus, 

flowing out through the opening 

L. The pressure on the top of mercury in the columns EF and 
QJ is the same and equal to the pressui-e of air in the reservoir, 
Regnault nK'usurod the temperature of the hot column CD by immers¬ 
ing into th(‘ hot bath the bulb of an air th<‘rmoiu('ter and tliat of 
the cold column by means of a mercury thermomeb'r. 

Theory —Sup])ose Pi and Pa the densities of mercury at 
temperatures /1 and <2 I'cspectively. Now the pressure on the top 
of the mercury column Eb =(H ‘-h\) Pj. g and that on the top of the 
column QJ=^B 92-0 - h 2 P\-g, and these pressures are equal. 

(n-hi) pi,g=llp2g-h2-Pi.g ; 

or, {II— hi+Ej) Pi=B p 2 : 

Pi ' H 

But P 2 —P 1 where Vr —Coefficient of absolute 

expansion of mercury. Pa/Pi = 1 “ r (^2 ^ ^i)‘' * (2) 

» from (1) and (2). 

Thatis,r,=^^-^. 

AdhHxntages over Dulong emd Petites Method .—In Dulong 
and Petit’s apparatus the temperatures at the different parts of the hot 
or cold column were uncertain, for the baths in which they were 
placed could not be stirred. Regnault placed them in baths which 
could be constantly stirred, and moreover the hot column could be 
given any desired constant temperature. In Dulong and Petit’s 
method, the heads of the mercury in the two comparing 
columns being at different temperatures, the effects of surface tension 
on them were unequal resulting in an en'or introduced in the 
observed difference in heights. To remedy this defect, Regnault 
brought the heads of the two columns cjosc together and. placed 
them at a constant temperature in the same bath. 

Moreover, Rcgnault’s determination of the temperature of the hot 
column was more accurate, as it was done with an air fiiermomcter. 
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36. Apparent tow in Weight of a Solid dipped in a Liqaid 
at Different Temperatures —A solid of voljime F c.c. and known 
^weight is weighed in the liquid at 0"(7. Let the apparent loss in 
weight be Wo. It is then weighed again in the liquid raised to 
temperature fC.^ and let the apparent loss in weight be W(. 

Let dot dt —densities of the liquid at 0“O. and fC. respectively ; 
7*samean coefficient of cubical expansion of the solid between 0 C. 
and fC .; acceleration due to gravity. 

We have, according to Archimedes* principle, weight of the dis¬ 
placed liquid at TFo= Fxd* xj? ••• (]) 

where F is the volume of the solid at 0°C7. and so the volume of 
the liquid displaced at O'O. 

When the temperature increases to the volume of the solid 
becomes — F(1 +7/), which is also the volume of the liquid displaced 
at fC. The weight of the displaced liquid at fC. , 

IFj ={ F(l+7/)Ht Xjg *’• (2) 

A (''>) IF<,_ 0 _ 

From ana i.j, V{l+yt)dcg ddl+fi) d,(l-bt){l+7t) 

__I__ *• . (3) 

l-Si+7i-87i2 * \ y 

where 8—mean coeff. of expansion of the liquid between d^C, and t°C, 

So the loss in weight IFf, at a higher temperature, is less tlian TF^, 
the loss at the lower temperature, since 5>7. Therefore, the weight of 
the solid in the hquid will increase with rise of temperature of the 
liquid. 

Coefficient of Expansion : — {Hqdrostatic Method ).— 

Knowing the value of 7, we can also apply this method in deter¬ 
mining the coefficient of expansion of the liquid. 

w V. s io\ 1Fo_1+8/ . 

We have, from (3), 


Wt l+ 7 t 
u .^TF,-TF,. TF.^ 
whence o— TF(.i ^TF/ 


(4) 


ExeLtaple.—ji of gUu* wo*gh 0 47 gramtin air, 3153 ffram$ in water at 
4'’0 and 31‘75 g^amainwater af 60''O. Pi,id the mean eoeffleient of cubioal ez- 
oantion oi wat«r heboeen 4^0. and 60 V., taking that of gUue at 0 000024. 

(0. U. 1922) 

Wt. of displaced water at 4'’C«47-31*53-15*47 gmt. 

Volume of displaced watei=15'47 c.c. and this sa volume of glass at 4‘'C. 
Again, the volume of glass at 15*4711+0000024 (60—4)| 
sal5’49 C.C.— volume of displaced water at 6(PC. 

Wt, of displaced water at 60°C.«47 - 31*75=: 15*25 gms. 

,*. Density of water at 60®C3 ,a3l5'25+15*49. 

Now, if d—density of water at 4°C., d'—density of water at 60®C. 

7 SEcoefficient of cubical expansion of water, 

,nbav< 4 '-d(l- 7 ( 60 - 4 )lj ot. y.,g=«(l-r(M-4)» i 

whence 7—000276, since, dwL 

IN. B. The value of the coefficient of expansion can also he determined by 
.using Bq. (4), Art. 36 {jagdrotMk Hethad).’] 
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EXPANSION OF LIQUIDS 

37. AnamalouB Expansion of Water ; -The expansion or con 
traction of water presents interest¬ 
ing peculiarities. If a m^ss of water 
at any temperature, say 10 C,, be 
taken and allowed to cool, its 
volume will gradually diminish 
until it reaches the temperature 
4 C., when with further cooling the 
volume will increase instead of 
diminishing. The behaviour is pecu¬ 
liar to water. The volume of tcater 
at 4'" C. being the least, it has got 
the maximum density at that 
temperature (Fig. 25). The curve 
also shows tliat on further cooling 
the volume of wrter increases. 

Note. Only pun water has got the 
maximum density at 4®C ; any impurity 
dissolved m water lowers the tempera* 
ture for the maximum density. 

33. CTho CoMtant Volume Dilatometer A simple experi¬ 
ment to measure the change m volume of water with temperature near 

about 4 C., can be carried out in a glass vessel 
whose edacity must be kept constant by some 
be done by taking a dilatometer 
l-Tig. 26J with a graduated stem 6’ of uniformly 
naiTow bore and filling it with mercury Jif whose 
voli^e should be about one-seventh part of the 
^ total capacity of the dilatometer. The coefficient 
ot expansion of mercury being about seven 
times that of glass, the change in volume of 
the glass dilatometer for any change of tempera- 
will be equal to the change in volume of 
the mercury, and so the volume of the vessel 
unoc^pied by mercury will remain constant 
in order to measure the change in volume of 
water, the dUatometer W is filled with pure water 
up to a certain point in the stem, and then 

u is placed in a water bath maintained at 0“C 
Ihe volume of the water of the dilatometer is 
noted after sometime, when the position of the 
water column in the stem becomes steady, 
ihe temperature of the bath is noted bv a 
sensitiye thermometer. The temperature is now 
^adually raised and the volumes of water at 

26-^0on8tant the corresponding temperatures are noted from 
VolumeDilatometer the positions of water level in the stem from 
which a graph is obtained as in Fig, 25. 

23 
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It is evident from the graph that as the temperature is increased 
from 0'’C^ the volume of the water at first decreases, reduces to 
minim um at 4“C. and then increases with further rise of temperature. 
At 4“C. iiie volume of the water being minimum, its density is 
maximmn. 

Swxmpl*.—Whai of fMfoury mmt be flaeed in a gU»»» dilaUmeter 

keep the votunte unoompied by mweury oonttanf ai all temperaturea f The ceejSIteieeU 
o/ euMeal ea^aneion of mereury ie 0 00018, and the eoeffioient of linear expansion of 
gUue ie 0 000009 per “0. («/ Cj. U. 1952) 

Let the volume of the vessel be F c.c. and let there be a rise of tgjnperature 
oi fO. The expansion of the vessel for F X 3X0 000009X t. 

If Fi c.c. of mercury be used, its expansion will be** Fj^x0'00018X<. 

These must be equal in order to have the volume of the vessel unoccupied byi 
mercury constant at all temperatures. 

FiXO'OOOlSxt-Fx3x0'000009x*. whence F’i»3/20 F. 

Hence the volume of mercury requited is such that it must be ^tb ({.st 

approximately ~eh) of the volume of the dilatometer. 


39. The Deneity and the Corresponding Volume of 1 gram 
of Water at Various Temperatures :— 


Temp. (Centigrade) 

Density 
(gm/c.c ) 

Volume 

(c.c.) 

0* (ice) 

0-91670 

1 

109081 

0” (weter) 

0*99987 

100013 

2* 

099993 

100003 

4° 

I’OOOOO 

100000 

10° 

0 99973 

1-00026 

20° 

0 99823 

1-00180 

40° 

0 99220 

100730 

60° 

098320 

101700 

80° 

0 97180 

102870 

100® (water) 

* 0 95840 

104320 

100® (steam) 

0 0)0599 

167000 


The coefjicient of expansion of water varies from O’OOOl at 10“C. 
to 0*0006 at 80“C. Its coefficient is 0 at 4“C., and negative from 
4“ to O^C. 


'Ja. 


Hope*s Experiment :—The following experiment ixBrfor- 
med by T. C. Hope in 1805 shows that water attains its maximum 
density at 4*^0. 


Expt —apparatus [Fig. 27 (a)] consists of a tall metallic basin 
A having a circular trough fixed around its middle. There are two 
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^ openings in the wall of the basin, one near the top and the other near 
the bottom, and they are closed by corks through which thermometers, 
and t 2 are inserted horizontally. The basin is filled with pure 
water precooled to a temperature of about lO^C, and the central 
trough is well packed with freezing mixture of ice and salt (temp. 
-15°C. to-20'’C.) The central part of the water column is thus 
cooled. 

While the cooling proceeds, at the initial stage both the thermo¬ 
meters are found to give the same temperature. The reading of the 
lower one then falls gradually and becomes stationary at 4''C. after 
a time. During ail this time the upper thermometer remains nearly 
^ stationary at its initial reading of 10" C., or it may rather rise siightily 
if the room is much warmer. After a time the upper thermometer 
also begins to fall and gradually comes to 0"G., at which it remains 



steady. Small crystals of ice may at this time be found to float on the 
surface of the water, if the experiment is continued for a sufficiently 
long time ; the lower thermometer will, houever, remain steady at 
4r'’0. all the while. • 

Explanation. —^The water m the central part of the vertical 
column, as it cools, becomes denser and sinks towardb the bottom, 
lowering the temperature along its coarse ; at the same time warmer 
water at the bottom, being lighter, rises up, gets cooled and sinks 
down again. Thus, by convection, there is lowering of the tempera¬ 
ture of the water at the bottom, and the cooling is continued till the 
whole mass of water near and below the middle is cooled down to 
4'’C.; the warmer water in the upper part, being lighter than that 
below, remains unchanged. 

As cooling proceeds below 4''C., the water below the middle 
expands and this cold water, being less dense, now rises instead of 
sioking. It cannot rise, however, to the top, for it is heavier than the 
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water at* the upper part.- ‘With the progress of cooling, the water in 
the central part, therefore, gradually Mis and comes to O'C., when ice 
begins to be formed. Small crystals of ice ^ud to rise to the surface, 
molt and cool the water in the upper part, causing a rapid fall of 
temperature there. So, now the upper part of the water comes to 
0°C., as indicated by the thermometer ; all this time the water at 
the bottom remains at 4 C. Crystals of ice formed in the central 
part float up to the surface being lighter than the water there. 

Densest liquid occupies the lowest position and as the lower ther¬ 
mometer indicates a constant temperature of 4 C., it is concluded that 
taater attains its marimum density at 4”C. ; otherwise, it may be 
stated that water at 4'^C. eorpands whether it is heated or cooled. 

The reading of the two thermometers, entered in a graph, will^ 
be as represented by Fig. 27 (6). 

41. Practical Importance of Hope*s Experiment :—^The 
fact that water has a maximum density at 4'C. and expands both at 
higher and lower temperatures, has a great practical importance in “ 
nature. If the density continued to increase until 0 0. was reached, 
ponds in cold countries would freeze solid from top to bottom in 
severe frosts, and ultimately the whole of a pond would be a mass of 
ice, and that would destroy the aquatic animal life. But that does 
not actually take place and what really happens can be explained as 
foUows : 


Let us consider a pond where the air above the water surface is 
below 0'’C. (Fig. 28). The water on the surface, on cooling, becomes 
denser than that below and gradually sinks downwards. This ^ 
proceeds until the water temperature falls to 4“C, As the surface, 
water cools below this, it becomes less dense than the water below, 
which is at 4'’C., and is the densest. It therefore remains at the top, 
though cooling more and more, and finally freezes into ice. As ice 
it also remains at the top, for ice is lighter than water. The layer of 
ice formed acts as a thermal bftrrier and does not allow much heat to 



Fig. 28—Frozen Water Surface 
in a Pond. 

wards till the layer of ice is reached. 


pass from the water below to 
the colder atmosphere above, 
for ice is a poor conductor of 
heat. Extremely slowly the 
thickness of the layer of ice 
develops, the rate of heat 
transfer from water being very 
small. The temperature of the 
deeper layers of the water in 
the pond remains nearly at 4“C. 
and falls p-adnally to O'C. up- 
The aquatic life in the water is 


thus preserved. 
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42. Correction of Barometric Reading The pressure 
exerted by a columu of zero-degree-cold pure mercury (density** 
13’696 gms./c.c.), 76 ct&s. in height, at the sea-level at 45“ latitude 
(where gr*=980‘6 cms./sec.’^) is called the Standard pressure. If a 
comparison is to be made, the observed barometric height at a place 
should be so transformed as to correspond to the above standard 
conditions. But before the observed height is transformed to 
standard conditions, it has to be corrected, because the scale with 
which the height is measured may be at a different temperature from 
that at which it is graduated. 

Temperature Correction for Scale .— 

^ Sui5pose the scale is graduated at 0°C. At higher temperatures, 
each division of the scale will extend in length. So the observed 
height, say ht, git a temperature as measured by such an 
expanded scale will bo smaller than its real value. Let bo the 
correct height, had the scale been maintained at O^C. So, 

’ where <==0005’. of linear expansion of the material of 

the scale. ^ 

• 

Transformation of Corrected Observed Height to Standard 
Conditions .— 

(o) Transformation to xero-degree-cold mercury — 

The corrected height feo is a column of mercury at To trans¬ 
form it to zero-degree-cold mercury with which the height will be, 
say jEf, we have 

where are the densities of mercury at 0“C. 

and i°0.y i.e. = where 7—coeflf. of cubical expan- 

Ckq 

sion of mercury. 

A,(1+<<.0 (1"7/). after applying the tempera¬ 
ture correction for me scale, 

=A»U “ (f “■ K approximately. 

(h) Transformation to the sea-level at 45" latitude — 

The value of gr at a place depends on the latitude of the place 
and its elevation above the sea-level. If flf=accl. due to gravity at 
the place of observation, and that at the sea-level at 45“ latitude 

980*6 cms./8ec.®), and if the corrected height measured by zero- 
degree-cold mercury, on transformation to the sea-level at 46“ latitude 
becomes then 

Pf). B.Pq.Q 

or, 

9 ^ 9 » 
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N^c : y for mercary=0 000182 per L °C.; < for brass =“0’000018 
per 1 a ; t for glass=0 000008 per I'C. ] 

Hence for a barometer with brass scale, we have as follows ; 

Trm height^ohficrved x(l~0‘000164 t ); 

980’6 


and for a barometer with glass scale : 

Ttue height'^observed Ac/9fe^x(l-0‘000174 /) 


\Thermoetat or TAcomo-rega/afor—Read Art. 42 (A) under 
Heat of the “Additional Volume” of this book] 

Examples ^(1) The glass scale of a barometer reads exact millimetres * at O'C.^ 
The height of the barometer is noted as 763 divisions at W'C. Find the true height 
of the barometer at WO. {The coefficient of linear expansion of glass^O 000008 ; 
coefficierU of absolute expansion of mercury = O'OOOISO). • 

Frntn Art. 42, we have trup heighr H = |1—(7—at)*! 

s763{i - (0 000180 -0-000008118!=760 637 mm, 

(2) A barometer provided with a brass scale, which is correct at SO^F.. reads 
754 mm. at 40''F., what will be the true height at 32''F. ? . (c/, Vthal. 1951) 

The coefficient of lincdt expansion of brass is O’OOOOIS per PC ! so the value 

£of 1°F. will be ^ ^XO 000018 ^ =0 00001 and similarly, the coefficient of cubical 

expansion of mercury for PRsQ-ODOl. 


Let *1 be the lower temperature at which the height should be corrected, 
f| the observed temperature, and ** the temperature at which the graduations 
are correct. (It should be noted that here the baiometer is corrected at a higher 
temperatuie.) 


We have. 


k ..^4o[l-^-«tU40-32)-(50-32)}] 
** l+7r~(4d-32) 


,754<l-t-0-0000l(-10)> 

l+l0‘00blx8) 


753‘32 mm. 


(3) The brass scale of a baremster was correctly graduated at 16°C. At what 
temperature the observed reading will require no temperature correction ? 

Let t be the required temperature, then 

(Coeff. of linear expansion of braasss0*000019). Here, wc have ht =ho. 
I-HJ-OOOIBII=14-0*000019(*-15); or. «=-]'76°C. 


43 . Henry Victor Regnault (1810—1878)A French 
^lentist wiio began his life as an assistant in a pharmaceutical shop. 
He had to work Imrd at the day time. Instead of taking leisure 
^night he used to devote his time to private studies on elementary 
Chexnistry and Medicine. His poverty could not separate him from 
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tis studies. In 1832 he started for Paris where he somehow got 
admitted to the Ecole Polytechnic. Prom this institute he passed out 
with distinction in 1834i and accepted an appointment as a Professor 
at Lyons. Though he began his scientific career as an Organic 
Chemist, by 1840 his name became widely known as a physicist too 
and he was offered the Professorship of Natural Philosophy at his 
own Alma Mater, the Ecole Polytechnic. His principal contributions 
to science belong to the domain of Physics. 


His name will endure for ever for his systematic researches on> 
liquids and gases, e.g. on the absolute expansion of mercury, density 
of water vapour, specific heats of gases, vapour pressures, humidity 
of air and velocity of sound, Regnault^s table of vapour pressure of 
^ water is an achievement of great practical importance. He designed 
a number of ap])aratuses for various types of laboratory measure¬ 
ments, such as those for the absolute expansion of mercury, constant 
pressure, expansion of air, specific heat of gases at constant pressure, 
specific heat of solids, dewpoint, etc. which all bear his name and 
are universally used all over the world. 


44. Thpmds Charles Hope (17G6—1844);—A brilliant Edin¬ 
burgh graduate who first acted as Professor of Cht'iuistry at the Glass- 
gow University aud then, after the death of Prof. Black, was appointed 
to the Chair of Chemistry at the Edinburgh Uuiversity. He discovered 
Strontium in 1792. That the density of water varies and attains a 
maximum value at 4‘'C. is a result of his researches and is a fact of 
Dutstauding pmctical importance. 


Questions 

1. DistinRuish between real and apparent expansions in the case of 
liquid. Establish a relation between them and the expansion of the material 
of a vessel. (C. U. 192^ ’30 ; Pat. 1927. ’28. ’30, ’41; c/. All. 1944 ; G. U. 1949) 

2. When hot water is thrown on the*bulb of a thermometer, the mercury 
column first falls and then rises. Why is4jhis ? 


3. The readings of two thermometers containing di£Perent liquids agree 
at the freezing point and boiling^oint of water respectively, hut differ at 
other points of the scale. What inferences do you draw from this 'i 


4, The coefficient of expansion of mercury is 


If the bulb, of a 


mercurial thermometer is 1 c.c. and the section of the bore of the tube 
©■OOl sq. cm., find the position nf mercury at lOOT., if it just fills the bulb at 
0®C, (Neglect the exjiansion of glass). (C. XT. 1916) 

|[AtM.; 18 cms. nearly.) 


5. Describe how to measure the absolute expansion of a liquid with the 
wt.'thermometer. A wt. thermometer contains 43'218 gms. of liquid at 
15"C.. but only 42'922 gms. at 40®C. The coefficient of linear expansion of glass 
is 0*000009. Find the ooefilcienL of absolute expansion of the liquid. 


(An*.: Absolute Coefficient=0'000303 per ®C.3. 
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6. Describe with theorjr an accurate method for determining thef^ 

apparent coefficient of cubical expansion of a liquid. How can the coeffi. 
cient of real expansion be obtained from it ? (Utkal. 1951) 

7. The density of mercury at 20'’C. is 13*546, and its co-efficient of cubical 
expansion is 0*000182. Find the mass of 500 c.c. of mercury at 80®C. Also 
find the volume of 500 gm. of mercury at this temperature. 

[Aim. : 6699 gm.; 37*3 c.c.] 

8. The density of mercury is 13*6 gm./c.c. at O^C. and at lOO^C. it is 
13*35 gm./c.c. Calculate the co- efficient of absolute expansion of mercury. 

(Utkal. 1949) 

lAna.t 1*84 X10* W] 

9. The density of water at 20''C. is 0*998 gm./c.c. and at 40®C. it is 
0*992. Find the coefficient of cubical expansion of water between the two- 
temperatures. 

[Ana.; O-OOOSfC.] 

10. Two scratches on a glass rod 10 eras, apart are found to increase 
their distance by 0*08 mm., when the rod is heated from to lOO^C, How 
many c.c. of too much boiling water will a measuring flask of the same glass 
hold up to a scratch on the neck which gave correctly one litre at O’C. 7 

[Ana.: 1002*4 c.c.] 

IL The coefficient of linear expansion of glass is SXlOr* and the coeffi¬ 
cient of cubical expansion of mercury isPSx 10''*/®C. What volnifie of mercury 
must be placed in a specific gravity bottle in order that the volume of the 
bottle not occupied by mercury shall be the same at all temperatures 7 
2 

[Ana.: ^ of the vol. of the bottle.] 

15 

12. The apparent expansion of a liquid when measured in a glass vessel 
is 0*001029, and it is U*001C03 when measured in a copper vessel. If the 
coefficient of linear expansion of copper is 0*0000166, find that of glass. 

[Ana.: 0*0000079] 

13. A weight-thermometer contains 700 gms. of mercury at 100°C. What 
is its internal volume at that temperature 7 (Density of the merc^ry=13*6; 
coefficient of expanBion=s0'0(X)182.) 

[Ana. : 52*4 c.c.] 

14. Calculate the coefficient of apparent expansion of mercury from the 
following data— 

A mercury thermometer wholly immersed in boiling water reads 100®C^ 
When the stem is withdrawn so that graduations from 0° upwards are at Oq 
average temperature of 10®, the reading is ^*6® (C. U. 194o)- 

[Ana.i 0*000157.] 

15. A wt.-thermometer containing 100 gms. of mercury at 0“C. is 

surrounded by liquid in a bath when 4 gms. of mercury flow out. What is 
the temperature of the bath if the apparent co-efficient of expansion of 
mercury it 0*00018 ? (East Punjab, U. 1952) 

[An#.; 231*5®C.] 

^ wt.-thermometer has a mass of 6*34 gm. when empty, and 
p3*8l gm. when filled with mercury at 0®C. If 2*08 gms. are expelled when it 
is heated to lOO^C., find the co-efficient of relative expansion of mercury in 

(R. U. 1952) 

fAn#.: 0*000143 per ®C.] 
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17. What must be the radius of a cylindrical bulb of a thermometer of 

length 1 cm. in order that the distance between successive degree divisions 
be equal to 1 mm. ? The internal diameter of the capillary is 01 mm. and 
the co-efficient of expansioc of mercury is 0 00018. [M. B. B. 1952] 

lAnt ,; 0118 cm.] 

18. Describe Dulong and Petit’s method of determining the coefficient 

of real expansion of mercury with rise of temperatnre, Knowing the 
expansion of mercury, show briefly how you wonlci find the expansion of 
another liquid between 0® and 100''C. (Pat. 1917 » of. 1942) 

19. A U-tube containing a liquid has two limbs maintained at 15®C. 
and 100®C. respectively. On reaching a steadv state the lengths of 
the liquid columns are 97 eras, and 102 cms. What is the coefficient of 
expansion of the liquid 7 Is this real or apparent expansion ? Give reasons. 

[An9. : 0*00061 approx.] 

20. In an experiment performed by Dulong and Petit’s method, the 
heights of the cold and hot columns of mercury are found to be 00*6 cm. and 
92*2 cm. respectively. If the first column is at 0''C., find the temperature 
of the other, y for ffiercury=18’2xl0'*. 

[ilna ,: 97°C. approximately.] 

• 21. The loss of weight of a weighted bulb, when immersed in a liquid 

at 0“(7. is PP,. Show that the loss IT at * 0. is given by ITJl-l-Iot-p)* , 
where < and j8 areihe coefficients of expansion of the bulb and the liquid 
respectively. ’Sketch an apparatus to determine the coefficient of apparent 
expansion of a liquid by the above formula. (All. 1922) 

22. A solid body it Aveighed successively under a liquid at different 
temperatures. Explain how the heating will affect two different weights. 

(Pat. 1927) 

23. How would you prove, without weighing, that, bulk for bulk, cold 
water generally weighs more than when hot ? 

24. The density of water at 4®C. is 1, and at 80®C. it is 0*9718. Find the 
. difference of the two weights of a cube of glass of 3 ^s. edge when 

weighed in water at both the above temperatures. (The coemcient of linear 
expansion pf glass is 0*0OOU9.) 

[Ana. I *224 gm]. 

25. 1 c.c. of water weighs 0*99874 gm. at 0®C. and 1 gm. at 4®C. Find the 
mean co-efficient of absolute expansion pf water between 0°C. and 4®C. 

iAna,i -32xl0-«/‘’C.] 

26. A piece of glass weighs 4*525 gras, in air, 2*8l7^s„ when immersed 

in water at 20'’C., and 2*881 gms. in waiter at 100®C. Find the mean coeffii- 
cient of expansion of water between 20®C. and 100°C. (coefficient of cubical 
expansion of glass is 0*000253). (C. U. 1949) 

[An#.; 000075.] 

27. State carefully the changes which a block of ice undergoes when 

the temperature is raised from—10®C. to over 100°C. (C. U. 1950) 

28. A uniform glass tube one metre long contains a column of mercury 
at an end. How long must this be in order that the length of the cube 
unoccupied by mercury shall remain unaltered when the whole is heated 7 
(Coefficient of absolute expansion of mercury, 0’00018/®C., coefficient of 
linear expansion of glass, 0*00001/^C.). 

[Ana, : | of the length of the tube.] 

D 
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29. Water is said to lave its maximum density at 4®C. Explain what 

this means. In what respects is the behaviour of mercury different from 
that of water when both are gradually warmed from O^C. ? (C. U. 1937) 

30. How would you demonstrate that water v^hile being cooled acquires 
the maximum density sometimes before it begins to freeze, (Pat, 1937) 

31. “Water is not at all suitable as thermometric liquid between 0®C. 

and 8®C., hut the above peculiar property of water saves the lives of 
aquatic animals in very cold countries”. Explain this statement as clearly 
as possible. (Put. 1955) 

32. Describe Hope’s apparatus for determination of maximum density 

of water. Explain step by step how and why the readings of its thermo¬ 
meters change as the temperature and density of water change. What 
importance does tlie fact that the maximum density of water is at 4®C. 
bear in the economy of nature ? (Utkal, 1954) 

33. Give a complete explanation of the following : (o) ice forms on the y 
sniiace of water, (h) fishes can live and move in a frozen lake. (C. U. 1950) 

34. Show how you would correct the reading ol a barometer for the 

expansion of tlie mercury and the scale. , 

(Pat. 1926, *35 ; c/. 1932. c/. R, U. 1952) 

35. The height of a barometer appears to bo 76‘4 cnis. according to the 

brass scale which is correct at 0 C. If the temperature at the time of * 
reading is 30°C , what is the acrnal height of the merciirv column ? The co¬ 
efficient ot linear expansion ol brass is O'OOOOIS. is the quantity 

determined expernnentally ? * (C. U. 1920) 

[Hints,—Correct reading=i76*4 (1+0*000018x 30) a:76‘4413 cms.] 

36. A barometer is provided with a silver scale which roads correctly at 

0°C. What 18 the true heigh of the mercury corres])Otiding to an apparent 
height of 761*05 mm. at IS^C. ? What height would the barometer register 
at 0°C. V (Given co-efficient of cubical expansion of mercury«0 000182; 
co-efficient of linear expansion of silver=0*00019). (Utkal. 1954) 

lAns.i 75915 cm.] 

37. A mercury barometer with brass scale and correct at 0®C. reads 

76*69 cm. at Reduce the reading to O^C. 

(«Cfor bras8«19xl0"®, 7 for mercury=18x10’*.) 

[All*.: 76*47 cm.) 


CHAPTER IV 
EXPANSION OF GASES 

45. Expansion of Gases : —^While dealing with the expansion 
of solids and liquids, we did not take into consideration the pressure 
to which tiey were subjected, as change of pressure does not produce 
any appreciable change in their volume. But to make a complete 
statement about the condition of a gas, its pressure^ volume and 
must be given. In mathematical language we say that 
gases have three variables P, V, and U 
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Those three variables are commonly called tTie factors of state of a 
gas. They arc found to be such that if any one of them is kept cons¬ 
tant the other two, when, they vary, follow a definite law, known as a 
gas law. This gives us the following three qas laws — 

(1) the relation between pressure {P) jjnd volume (7), when /ew- 
perature (i) is constant : this relation is given by the Boyle\ law ; 

(2) the relation between volume and temperature, when pressure 
is constant ; this relation is given by the Ch tries* Law{Axi. 46) ; 

(3) the relation between pressure and temperature, when « olume 
IS constant ; this relation is given by the Pressure Law (Art. 50). 

For a (fh)en maxs of a qas, all the three variables as stsited above 
4 'ire not independent; when any two of them arc given, the third 
becomes automatically fixed up, as will be seen afterwards. 

The first of the above three relations, which the Boyle’s law 
embodies, has already been treated in full in Art. 309, Part I, et seq. 

46. Expansion of Gases at Constant Pressure :— 

^.JCharles Law* — The law states that the pressure remaining 
constant, the.roliitne of a git>en mass of any gas increases {or dec^ 
reaset-) hy the constant fractionof its volume at tfC. for each 
degree centigrade increase {or decrease) of temperature. 

This constant fraction is, therefore, the coefficient of expansion of 
a gas at constant pressure and may be simply called the volume co~ 
efficient of a gas and is ordinarily denoted by "Ip. Thus if 7^ and 7# 
be the volumes of a given mass of any gas at 0 C. and fC. respecti¬ 
vely, then according to Charles* law, 

F, = F.(l+r,0= r. (l+ 2 ', 3)=|/3 (273+0= T, whe» 

T is the absolute temperature {vide Art. 54) corresponding to 

or, 7,« T. 

This gives us another form of the Charles* law which may be 
stated as, '^the volume of a given mass of any gas, at coustnut pres~ 
sure, ranex directly as its ah^olufe temperoture.** Evidently, the 
graph between the temi)eraturc* and the volume of a given mass of 
any gas will be a straight line, and such a graph has been shown in 
Fig. 32. 

Working Formula of Charles* Law in Fahrenheit Scale .— 

A Fahrenheit degree is § of a Centigrade degree ; so the value of the 
coefficient of expansion of a gas at constant pressure, which is per 
°C’ becomes equal to g x grx or ygy !>er approximately. Therefore 

•Ihe law ts also somettmci called Ga/-Lusiac*s Law; for. though 
Charles first found out this relationship for a g<iB he did not publish his work. 
In 1802 Giy-Lussac proved the same Law independently; he saw Charles' 
manuscripts afterwards and found that Charles had discovered the law 
fifteen yeats earlier. 
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according to the Fahrenheit scale, our formula for the Charles^ law 
will be, 

N.B. The value of 7;, is a constant. It is equal to or 0'00366 
per ‘'C. and is approximately tha same for all gises. It is not different 
for different gases as in the case of solids and liquiii. 

Thus 1 c.c of a gas at 0 C. becomes (l+^jg) o.c. at 1"C.; 
c.c. at 5°C.; ( 1 +|® 7 ^ 3 ) c.c. at 50’C.; and so on. 

Again, 273 c.c. of a gas at O^C. become 273 (l+g^g) cc., t.e. 274 
c.c. at 1°C.; 273 c.c. is* 373 c.c. at 100“C.; 273 (l+IJS) c.c., 

fA 383 c.c. at 110 C. ^ 

^ 47. The Importance of meamring the Expansion of a Gae 
with respect to its Volume at 0°C ;—In determining the coefficient 
of expansion of a g^, the initial volume of a gas must always 
be taken at O'C., instead of taking it at any other temperature 
which can be allowed in the case of solids and, to some extent, . 
of liquids, as the expansion of a gas for a small change of tem¬ 
perature is very largo in comparison with the very «mall expansion 
of a solid or that of a liquid ; or, in other words, th6 coefficient 
of expansion of a gas is not a very small fraction as in the case 
of solids or liquids. 

For the above reason we did not so much insist on specifying any 
lower temperature in the formula relating to the expansion of solids 
and liquids. But, in calculating the expansion of gasest we should 
always mind the words “o/* its volume at and we shall 

get wrong results if we take the original volume at any other 
temperature, say lO^C., or 20"C., as in the case of solids and liquids. 

Suppose we have 373 c.c. of a ^s at 100 C., and. we want 
to find its volume at 110°C. By directly applying the formula 
^iooll+A‘^)we get, 

Fi 10 « 373(1+373+13'67=386*67 c.c. 

But cannot be, for a volume of 373 c.c. at lOO'C. will become 
383 o.c. af 110'C.» as seen before. This shows the importance of 
the words “of its volume at O^C.” 

That the above point is not so Important in the case of solids will 
be shown thus : 

Suppose we have a rod of iron which is 100 cms. long at 0*C., 
then at 100 C. it will become 100(1+0*000012 x 100) or 100120 cms» 

At HO C. it will become 100(1+0 000012 X110) or 100132 cms. 

Again by applying the formula directly, as in the above case, 
^110*^100 (1+0000012X10)*10012 (1+000012)=100*1320144. 

The difference in the two results which is 0 0000144, can easily 
be neglected for our purposes, and this clearly shows the importance of 
always considering the volume at 0’’C. while calculating the expansion 
of gases. 
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48. Important Points of Difference :—^Though the relation, 
X i) as given by Charles' law is similar to that in the 
oase of thermal expansions of solids and liquids the following points 
of difference should be marked— 

(e) Unlike in solids and liquids a change' in pressure considerably 
affects the volume of a gas and so in finding the volume co¬ 
efficient of a gas, steps must be taken to keep the pressure constant 
while the temperature is changed 


(#«) The coefficient of expansion for gases ( 2 I 3 ) is quite large 
compared to those for solids and liquids. 

(/») The value of the coefficient of expansion for gases is a 
'^ronstant and is approximately the same for all gases and not different 
for difleroiit gases. For solids and liquids, it is different for difierent 
substances and for the same substance tbe value changes, in many 
cases irregularly, at different parts of the temperature scale. 

(*r) The volume at 0"C. and not at any original temperature 
(which is permissible in the case of solids and roughly also in the case 
of liquids) is to b'i taken for gases in applying the law of thermal 
expansion. 

Determination of the Coefficient of Expansion of a 
Gas at Constant Pressure :— 

( 1 ) Constant Pressure Air Thermometer Method .—^Take a 
piece of capillary glass tube T of uniform bore and about 50 cms. long 
(Fig. 29). Pass a stream of hot air through the tube for some time, 
and when the tube has been dried, seal off one end of it by a blow¬ 
pipe flame. The tube is then gently heated with the open end dipped 
in mercury. On allowing the tube to cool, the air contracts and a 
small pellet m of mercury is driven inside and this serves as an 
index. The tube ( T) is now held horizontally in a wide glass tube 
{G) which is stoppered at both the ends. The tube {Q) acts as a bath 
and is provided with g 

inlet tube (d)and out- ^ a ._■* .. . 

let tube (Zj). A thermo- m ^ T 

meter (P\ also intro- ^ 
duced horizontally, 
gives the temperature 
within the bath {0). 

Pass ice-cold water 
through the jacket {G) till the thermometer (F) indicates a constant 
temperature 0 C. and the pellet m assumes a steady position. 
After waiting for sometime, measure the distance of tlie lower end 
of the pellet from the closed end of the tube by means of a scale. 
Drain off the water and pass steam from a boiler through the jacket 
till again ttie temperature of the air within the tube (IT) becomes 
constant, as shown by a steady position of the pellet. The distance 



Fig 29—Constant Pressure Air Thermometer. 
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cf the lower end of the pellet is again noted. Let the temperature 
now indicated by the thermometer (JP) be fC. As the open end of the 
air thermometer is exposed to the atmosphere all throughout, the 
pressure of the enclosed air is constant and equal to that of the 
atmosphere. 


As the tube is of uniform bore, the volume of the enclosed air is 
proportional to the length of the enclosed column. Let be the area 
of cross-section* of the bore, and U and I be the lengths occupied by 
the air column at and fC, respectively ; so is the volume of 
air at and l< the volume at l°C., neglecting the expansion of 
glass, which is small compared to that of air. 

The volume coefficient, ^ . (1) 

The air in the tube can be replaced by any other gas, and it will 
he found that the value ofyp in every case will be same, v%t. 
approximately. 

>4.2) RegnauWe Method: —Regnault's apparatus is also an air 
thermometer. In it the air is enclosed in the bulb A (Fig, 3u) of one 

limb of a U-tube and kept dry by strong 
sulphuric acid poured through the other 
limb B. The limb having the air bulb A 
is graduated and directly gives the'volume 
of the enclosed air. The limb B is open 
to the atmosphere. The U-tube has a 
short cross-tube attached to its bend and 
this selves as an outlet. This outlet tube - 
is provided with a stop-cock S by opening 
which any excess acid in the U-tube can 
be dropped out. The U-tube is placed in 
water contained in an outer jacket and the 
quantity of water is so taken that the air 
btilb is completely immersed in it but the 
open limb B projects out. This outer jacket 
is a thick glass cylinder whose bottom is 
closed by means of a stout rubber cork. A 
copper pipe enters through this cork into 
the water in the jacket and leaves the 
water bath again through the rubber cork. 
When steam is passed through this pii>e, 
the water around gets heated. By regu¬ 
lating the supply of steam the temperature 



Fig. 30—Regnsult's 
Apparatus (Constant 
Pressure Ajr Thertnometer). 


of the water bath can be kept constant at a desired value. For unifor¬ 
mity of temperature throughout the water, the latter may be stirred 
by means of a stirrer (not shown in the figure). A thermometer (T) is 
suspended in the water and records the temperature of the bath. 
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When it is steady, it is also the temperature of the air enclosed in the 
bulb A. Before tokiug readings, sufficient time should be given to 
the enclosed gas to attairf the tcrntJcraturo of the water. Now sul¬ 
phuric acid is poured into B or run out by opening the stop-cock S 
until its levels are the same in both the limbs. The air in A is then 
at atmospheric pressure and its temperature is noted and the volume 
is read from the graduations. Steam is passed through the copper 
pipe and the water is kept constantly stirred. The temperature-rise 
causes the air in the bulb to expand and force*down the liquid which 
rises in l^e other limb. The temperature is kept constant for some 
time by regulating the steam, during which the levels of the acid are 
adjust^ to be the same in both the limbs cither by dropping out 
^some acid by opening the stop-cock or adding more acid into B, as 
required ; volume and temperature are read as before. The heating 
is continued and readings are taken at various higher temperatures 
until the water boils. 

. If Fo, Vj and Fg be the volumes of the air respectively at 0'’(7., 
tiT, and 

we have, Fi=* and 

Fs= F„(l+r,ij): or. 

Vi l+7pti 
whence 7p can be known as Fj, 

Fg, <1 and are known. 

Determination of 7p from 
graph and the verification of 
Charles^ law.—If the temperature 
is plotted on the a:-axis and the 31 

volume on the y-iixis, a straight lino graph is obtained (Fig. 31) indi¬ 
cating that the expansion of a gas is uniform, or the pressure of a gas 
remaining constant, the volume increases directly with the tempera¬ 
ture. On producing tiie graph backwards it will cut the a:-axis at 
about- 273 -C., which means that the volume of the air (theoretically) 
becomes zero at—273^0. The voluntes of air F^ at 0‘C. and Vt at 
any convenient temperature (/) can be read from tibe graph from 
which 7p may be calculated from the relation F* = V^(l-h7pt). 

The result obtained for 7^ for air is about 0*00367 per °C., i.e. 
approximately 1/273 per “C, This verifies Charles' law. 

Increase of pressure of a gas at Constant Volume s- 

The pressure law. —^The relation between pressure and tempo- 
rature of a gas at constant volume is called the pressure law or cons¬ 
tant volume law. 

The law states that volume remaining constent, the pressure of a 
gas increases (or decreases) by a constant fraction ( 573 ) of its pressure 
at 0 “C. for each degree centigrade increase (or decrease) of temperature. 
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rhis constant fraction is called the pressure coefficient (7#) of 

a gw and is, evidently, equal to the volume 
coefficient o£ the gas {vide also Art 51) 
Mathematically, if Pi and P^ are the pres¬ 
sures of a gas at <“(7. and 0 C. respectively, 
then at constant volume, 



P,=n(l+r.«)=i>.(i+2|3) 


Fig. 32—-Joly’s Constant 
Volume Air Thermometer. 


P T 

""273 * P ^ T, where iT—absolute 

temperature corresponding to fC, The 
graphical relation between tlie pressura 
and temperature of a gas will, therefore, 
be a straight line as shown in Fig. 33. 

N.B.—^The Pressure Law is also often 
referred to as Charles* law, for, as is 
evident from above, the pressure of a gas- 
varies with temperature at constant 
volume according to thh same law as the 
volume varies witli temperature at con¬ 
stant pressure. 

SO (a). Determination of the 
Pressure Coefficient of a Gtu :— 


By Joly*8 Apparatus —^The relation between pressure and 
temperature of a gas at constant volume can be studied by Joly*s 
apparatus (Pig. 32), which almost resembles the Boyle*s Law Tube 
{vide Art. 311, Part I) with the addition of a glass bulb B provided 
with a stop-cock in place of the straight closed tube. T]ic bulb B 
and the capillary connecting tube upto the surface of mercury in the 
tube C contain dry air. 

Expt —Open the stop-cock "and raise or lower the open tube B till 
the mercury in tLe tube C reaches some point D marked on the stem, 
the point being selected as near the top of the tube C as possible. 
Now close the stop-cock. At this stage the pressure of the air above 
the mercury in both the tubes is atmospheric, which, suppose, is H 
ems, of mercury. Next take a bath of water, say a large brass or 
copper basin provided with a stirrer containing water placed on an 
adjustable vortical stand, which may be heated from below by means 
of a burner. Gradually adjust the height of the bath until whole 
of the bulb B is completely immersed in the water. A thermometer 
vertically inserted in Sie bath gives the temperature. Heat the ba^ 
and regulate the temperature at some constant value, say ti^C^ by 
applying the burner or withdrawing it for some time as required. For 
tuQiformity of temperature, the water should be stirred well. Due to 
temperature-rise the air in the bulb will expand and force down the 
nmroory in the tube 0. ^ise the tube B till the mercury head touches 
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fixed mark D again in the other tube. Let the difference in lepek 
of the mercury in the tubes C and R be h\. Then the pressure Pi of 
the air, now at temperature is cms. of mercury. Similarly, 

change the temperature *to and note the difference in levels h% 
now, when the pressure Pj be (H+A#) cms. of mercury. Mark 
that the volume of the air enclosed in the bulb B upto the fixed 
mark D is kept constant in this experiment, neglecting the expansion 
of the glass bulb (S); for, at each observation, the level of mercury 
is brought back to the same fixed mark D by adjusting the limb R 
of the tube. If Po be the pressure at 0’(7., we know from Charles* law, 
Pi =Po(l+y*^i), and p3=P«(l+7p<2).(2) 

That is —1 
4 -Lhatis, 

As tj, ^ 2 , ki and />2 are all known and H may be determined by 
means of a barometer, 7,, the pressure coefficient can be determined. 
The air in the connecting tube attached to the bulb B is not at the 
same temporatime as that of B, when the temperature of the bulb is 
’raised. This may b(‘ called the error due to eipo<ied column for 
which a correction is needed. Strictly speaking, the air is not heated 
all along under coSstant volume as the bulb expands, however small 
the expansion may be, with the temperature of the bath. 

Determination of 7, from graph and the verification of 
the law of presaures —If the temperature is increased gradually in 
steps keeping the volume constant and the I'orresponding pressures 
are determined a graph may be plotted witli teinperatur<‘H on the 
f-axis and pressures on the y-axis. On drawing the graph on a 
smaller scale and producing it backwards, it will be a straight line 
(Fig. 33) (iutting the rr-axis at 

about — 273 C. ; that is, at zero t 

pressure liie temperature is theo- § 

retically - 273''C'. ^ f 

The straight line indicates S 

that the pressure increases uni- . 

f ormly with the temperature when -aoo 

the volume of the gas remains 

constant. * Fig. 33 


Reading from the graph, the value of P* at 0“C7. and Pt at any 
-convenient temperature 7, can be calculated, and in this experi¬ 
ment, water at the temperature of the laboratory can be used instead 
of ice-cold water. 

The result obtained for 7, for air is about 0’00367 per “(7. ije. 
^er (7. approximately, and the same value is also obtained for other 
gases which obey Boyle*s law. This verifies the Law of Preasitres, 
which is another form of the Charles* law. 

5i. Relation between yp and y V .-—For any gas obeying the 
law of Boyle and Charles, it may be shown that 7,,=7*. If the tem¬ 
perature of any mass of the gas bo increased from 0“ to t* while the 
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pressure remains constant, we have F|=s .(1). 

increasing the pressure from Po to Pt while the temperature remains 
at t\ until the volume is F#, we have, by Boyle^s law, PoVt 
= P*F.(2) From (1) aud (2), .(3). If, how¬ 

ever, the temperature of the gas had been increased from 0° to f 
while the volume remained constant, then P< = Po{l+7»/)’ ‘ * (4). 

Hence from (3) and (4X we have, 7p — yvy ov the'volume coef^dent 
of a gm is equal it o its vressure* coefficient. 

S2. Joseph Louis Gay-Lussac (1778—^1850);—He was born at 
Limousin in -France. During the French Revolution his father, a 
Judge, was imprisoned and so Joseph's schooling began late. He 
passed from the Paris Polytechnic and developed a great passion for 
Chemistry. He began researches under Berthelot and here he 
discovered in 1802 the law of thermal expansion of gases indepeif- 
dently though he did not know then that Charles had found the same 
fifteen years earlier. The theory of variation of temperature with 
altitude is due to him, and he personally climbed heights as great as 
23,000 ft. in order to study the variation of magnetic fields and 
temperature. In 1809 ho became Professor of Chemistry at the 
Paris Polytechnic. He discovered Iodine, Cyanogen, and Piussic acid. 


S3. The Gas Thermometer :—Like liquids, gasfis also can be 
used as thermometric substances. In practice the gases, such as air, 
hydrogen, nitrogen, helium etc. i e. the gases which behave nearly 
as perfect gases Art 64) are used as thcrmometric substances 
and the thermometer (either constant pressure or constant volume) 
is named according to the gas used, e g. the air thermometer, the 
hydrogen thermometer, etc. The reason for using only one or the 
other type of these gases only is that these gases ob(*y Charles' law, 
or the law of pressures quite accurately over a wide range of" 
temperatures while other gases do not. 

(/) Methods of Measurement of Temperature by a Gas 
Thermometer. —^To find the temperature of a given bath with a 
constant volume gas thermometer, find Po% the pressure of the 
enclosed gas at 0 C. and Pt, th6 pressure at the unknown temperature 
t of the bath. Then, we have. 

V -Pt-Po . 


Pot 


or. Pg — Po 


The value of i'# can also be determined from the graph as shown 
in Fig. 33. 


(//) Graphical Method. —^Plot two points corresponding to 
P» and Pi 00 and 100*^0. respectively and join them by a straight 

line as in Fig. 33. Now find the pressure P/, of the same volume 
of the enclosed gas, corresponding to the unknown temperature i of 
the bath, and from the graph read the value of t corresponding to P<. 

A constant pressure gas thermometer can also be used in either of 
the two ways described above for the measurement of an unknown 
temperature. The only difference in its case will be to find V* and 
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^0 in method (I) instead of P» and ; aijd Fo, Fjoo and F| in 

method (11) instead of Poi Pioo and Pt> 

Standard Thermometer, —Though both the constant pressure and 
the constant volume gas thermometers are equally accurate for measure¬ 
ment of temperature, ihe constant volume hydroge^i thermometer* 
has been internationally accepted as a standard thermometer. Other 
thermometers, such as the different types ot liquid-in-glass thermo¬ 
meters, the electrical thermometers like the resistance or thermo-couple 
thermometers, the radiation thermometers, etc. should be standardised 
by comparison with such a thermometer. A gas thermometer, after 
coiTections are applied for the deviations of the gas from perfect gas 
conditions (which are known now-a-days for all thermometric gases), 
furnishes a scale of temperatures which has been shown by Kelvin to 
6e perfect from the theoretical standpoint. This is the reason, besides 
the numerous practical advantages listed below, why a gas thermometer 
is preferred to all ^ther thermometers in all standard measurements. 
Advantages and Disadvantages of a Gas Thermometer .— 
(a) Advantages —A gas is light and can be obtained in pure 
condition. It remains gaseous and therefore, can be used as a thermo- 
metric substance for a much wider range of temperatures than is 
possible in tho ease of other types of thermometers. By using helium 
gas a terapcratiu'c up to very near the absolute zero (Art. 54) can 
be determined. The maximum temperature for which a gas thermo¬ 
meter can be used is determined by the temperature at which the bulb 
of the thermometer fuses and the permeability of the bulb to tho gas 
used. A hydrogen thermometer may be used from—200 C. to 500 C. 
above which hydrogen cannot be used as it attacks the materials of 
the containing vessel (glass or porcelain). For temperatures above 
^bOO^C. hydrogen is replaced by nitrogen, and for low temperatures 
below—200 C helium replaces hydrogen. A platinum-rhodium bulb 
using nitrogen has been used upto 1600'6'. The rate of expansion of 
a gas is very uniform and regular over the whole range of the scale. 

A gas thermometer is very sensitive too, for the thermal expansion 
of gases is very large. For the same fcason the expansion of the 
envelope in its case does not affect the ^observations seriously, as in 
the case of rKiuid-iu-glass thermometers, for the latter is relatively 
very small. The coefficient of expansion (both pressure and volume 
coefficients) of all gases being practically the same, the scales furnished 
by different gases are identical. So all gas thermometers read alike 
at all parts of tho scale. 

(b) Disadvantages. —A gas thermometer cannot be used for 
clinical or calorimetric purposes, for it is not a direct-reading thermo¬ 
meter. Moreover, being unwieldy in size it is inconvenient for 
domestic use. In case of a constant volume gas thermometer a baro¬ 
meter is needed for the knowledge of the pressure of the gas. Again, 

* i'or the (li'bciiption ot tUe Oonttanf Volume tiydrogm I hitmoaMtet andT* 
the principle of its working, read Art. 53 (A) under Heat of the “Additional 
Volume" oi this book. 
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no permanent scale caii: be fixed tvith a gas thermometer, since tHb 
atmospheric pressure changes. 

Exainple«.->(i) Find th$ iwiperaiurt of tha baiUng poiwt of a *aU aoluUon 
from ih» fbUowing raading$ obtaimd with a oonatani praaw/ra air Owrmomator. 
Position of mtroury at 0^O.»7 S, and at lOO’^C.^IFS: potit^ wh*n tht 
thormomatar U ^ boiling aobUionsssiT'S. 

Ltt Vf «volume of aiz at the unknown temperatuce PO., then 


But Yp 


■ F,xl00 


^ f - T^o ^ ^XOO~^o 
t 100 




X 100==J||27|xl00=105-2»C. 

(S) The preasure of air »n the bulb of a eonatant volume air thartnometer ia 73 
•cma. of mercury at 0"0., 100 3 oma. at lOO^O., 77'3 oma. at room temperature. 
OabnUata the temperature of the room. 


As in Er. 77 8-73 


^ 10(> “ ■^o 


xlOO’ 


100-3-73 


X100* 17 6^0. 


54. Absolute Zero and Absolute Scale :—(a) I£ we apply 
Charles’ law to temperatures below O^C., the voluhie of a given mass 
of any gas at constant pressure will diminish by of its volume at 
0 °C?. for each degree centigrade fall of temperature. 

Thiis.lUc.c. of gas at 0 (7. becomes (1 —c.c. at — 

(1 "^7^) ■> —oC. 

„ “ioo“a 

(l-irs) orO „ 


f1 

n 

}f 


f9 
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99 

99 


-2n^G. 


Therefore the volume of the gas will be reduced to zero at—273°C7. 
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Fig. 31*-Abiotute Scale. 


The result stated above also follows 

from the relation, ^"^2^ }’ 

If t is the centigrade temperature when^ 
the volume becomes zero, we have 

0= r. ( l+ 2 y:or,«=- 273 °a 

The above idea is also obtained from 
*tlie graph in Fig. 31. It has been found 
there that the volume of the air theoreti- 
oall^jr becomes zero at—273’(7. 

Thus in whatever way we consider 
it, we find that there cannot exist a tem- 
*perature lower than—273 (7, for in that 
case the volume would become a nega¬ 
tive one which is absurd. 

Again, from the pressure at constant 
volume law, the pressure of a gas will 
decrease at constant volume by 1/273 of 
its pressure at (fC. From this it also 
follows that the pressure of a gas at 
constant volume will become zero at 
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— 273'’(7. We cannot imagine a temperature lower than this, for a 
gas cannot exert what majj be termed a negative pressure. That is, 
Qie volume of a gas is reduced to zero at a temperature at which 
the pressure is also reduced to zero. This temperature is the lowest 
possible temperature on the gas scale and this temperature (—273'’C7.) 
is 273 C, lower than 0' C*. 

The scale of temperature in which temperatures are measured 
from —21^ C. as xero degree and in which other divisions are num- 
beted start mg from this temperature is known as the Absolute Scale 
or the Kelvin Scale {vide Fig. 34). It is so named, because the zero of 
this scale is really or absolutely the lowest temperature we can ima- 
gjiue and a tt'mpcratiire lower than this is impossible. 

The zeroes of other scales are only arbitrary, for temperatures 
below O''6’, O' F. or 0°i2. exist actually. In the absolute or Kelvin 
scale each degreet above its zero is equal to a degree Centigrade or a 
degree Fahrenheit, or a degree Keaumur according as the scale 
desired is a Centigrade, a Fahrenheit, or a lieaumur absolute scale. 

N.B. The above result, namely that the volume as well as the 
pressure of a gas reduces to zero at-273*^ 0., is only theoretically tnie 
and is physically impossible, as all known gases liquefy and then 
become solid before this temperature is reached. The result is true 
for a perfect gas (Art. 64) only. As a matter of fact, air starts liquefy¬ 
ing at about -184 C. Hydrogen gas uniformly contracts in volume up 
to —269'’C. By the evaporation of liquid helium a temperature as low 
as—“272“C. has been reached, but the absolute zero has never yet been 
reached. At the absolute zero temperature, according to the kinetic 
theory (ArVGO), all molecular motion must cease. 

yAbso/ute Scale Value on the Fahrenheit System .— 

RMKerab&*that we have so long considered the Centigrade scale 
awording to which absolute zero = —273'’C. But if the temperature is 
measured on the Fahrenheit system, the absolute zero becomes equal 
to 491‘4 Fahrenheit degrees below the freezing point (32''Fl), because 
273“ on the Centigrade scale ~ 273 x |=49r4 on the Fahrenheit scale. 

So absolute zero—32 —491'4=* — 459*4°F. It is usual in Engineer¬ 
ing practice to take this value as—A60'F. (approximately). 

Relatiom between Absolute Scale Values and other Scale 
Values. 

Centigrade System. —^Absolute value=Centigrade Scale value 
+273. 

Fahrenheit System. —Absolute value =»Fahrenheit Scale value 
+460. 


Reaumur System.—^Absolute value=Reaumur Scale value+218’4. 

55. Charles* Law in terms of Absolute Temperature :— 

(i) According to Charles* law, 

we get, when pressure is constant; similarly. 
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r'ss Fo when pressure .is constant; here i and f are in 

centigrade temperatures. 

where 7^ and F denote the absolute tempera- 

V 273+< T 

tures corresponding to the Centigrade temperatures t and t\ 

V F 

Hence "y” y"'”® constant^ when P is constant. 
or, Foe r, when P is constant. 

In other words, the volume of a ghen mass of any gas is directly 
proportional io the absolute temperature when the pressure remains 
constant. 

P T 

{it) Similarly, from the Law of Pressures, we *got, when 

F is constant; 


or. 


P 


p= a constant^ when V is consta?it. 


or, P^T, when V is constant. ' 

In other words, the pressure of a given mass of any gas is directly 
proportional to the absolute temperature when the volume remains 
constant. 

S6, Meaning of N. T. P. :—This expression stands for ^normal 
temperature and pressure.* 

(u) Normal Tempprature. —^Tt is the temperature of melting ice 
when the pressure is one atmosphere. In the centigrade scale it is 
O'Cl, or 273“^. In the Fahrenheit scale it is 32° FI, or 492°4. 

{h) Normal Pressure. —It is the pressure exerted at the base by 
a vertical column of zero-degree-cold pure mercury, 76 cms. in height 
placed on the sea-level at 45° latitude. At the above conditions, 
density of mercury=13 596 gmS'/c.c., and acceleration due to gravity, 
£^=980’6 9 ilf.fsec.® 

or, nawual pressure, Po=76x 13*596 x 980*6 dynes/cm.® ; 

/ =1*013x10® dynes/cm®. 

The Law connecting Pressure^ Volume and Tern- 
perMure of a Gas :—^Let P, F and T denote the pressure, volume 
and absolute temperature o£ a given mass of a gas ; 

then F« 1/P, when T is constant (Boyle’s law), 

and F«* P, when P is constant (Charles’ law). 

V’^TjP, when both T and P vary., 

PV . 

~= a constant = 

values of pressure and volume respectively of the same mass of 
at another absolute temperature, T! 

[Alternative /Voor.— -Suppose a given mass of a gas occupies a 
voltuue F under pressure P when the absolute temperature is T. Let 


or, 


a constant = . when P and F indicate the 
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US find what volume it would occupy at pressure P' when the tern* 
perature is T. . 

Let the pressure of the gas be changed from P to P', keeping the 
temperature T constant. Suppose the new volume of the gas under 
pressure P' is Vt. Then according to Boyle'i^ law, 

PF=P'Fi*"(l). Next suppose the gas is heated under cons¬ 
tant pressure P such that the temperature T changes to T. Let the 
volume at T be V\ Then, according to Charles' law, 

r, = ^x!r,. (2) 

^ =^,from(l) ...(3) 

PV P'V' 

From (2) and (3), y, =a conslanl.] 

It is a convention to represent this comfant by the letter P, when 
a gramme-moleoulc of a gas* is considered, 

or, PV~RT, where R is the gramme-molecular gas constant. 

Now, according to Avogadro's hypothesis a gramme-molecule of 
any gas occiif^ies the same volume under identical conditions of 
pressure and temperature So the value of R is the same for all 
gases. That is why R is called a Universal Gas Constant. 

When the mass of a gas taken is n gramme-molecules, where n may 
be either integral or fractional, the value of the gas constants is nR ; 

or, PV—nRT^ KT, where the value of K depends on the mass 
of the gas. 

The equation PF—PF is a combined form of B yle^s and CharJetf 
^ laws. This equation is generally called the Qas Equation or the 
Equation of State of a gas, for the physical state of a given mass of 
gas is completely determined by knowing its pressure, volume and 
temperature. Knowing any two of the three quantities P, F, and F, 
the third may be obtained from the above equation, for the value of the 
constant K can he calculated from thi mass of the gas. 

S8. Value of the Gas Constant :— 

('>) Universal Oas Constant (P).—^Por one gramme-molecule of a 
gas, the equation PF—PFis true for any perfect gas for all tempera- 

PF P V 

tures and pressures. That is, R— -^== where F<,, say, is the 

volume of a gramme-molecule of any gas at the normal pressure P*, 
and normal temperatrue F*. 

Now the normal pressure, P* =76 X 13*696 x 980*6 dynes/cm.* ; and 
normal temperature, F„=(04-273)=273“ A. According to Avogadro's 
hypothesis, a gramme-molecule of any gas will occupy 22*4 litres, 
i.e. 22400 c.c. at N.T.P. 


*A gramme‘tnoUouls of a gas means an amount ot gaa whose mass is 
equivalent to the molecular weight o£ the gas expressed in grammes. The 
correspondiog expression for the F.P.S. system is a peund^molteuh. 
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a« p- -(76 X13-596 x 980’6) X 22400 

^ r* ~ 273 ” 

=8*31x10'^ dynes-cms.rC'. 

^S’SIXIO^ ergsfa 

Example. 1 litrs of hydrogen at .^.T.P. weigho 0'0896 gm. WindihowAuo 
of S oonatdering one gramme-molecule of the gae. 


IMyeore, 1952 ; Sajputana 19Sil 
The volume ot 0 0896 gm. of hydrogen at N.T.P.*1000 c c. 

The voluntb of 2 gm. of hydrogen (1 gm.<molecule; at N.T.P. 

»X 2=22321 c.c. 

00896 


The normal pressure =76Xl3‘596X 980*6=sl'013x30® dynes/cm.* 
Since. po^RT, H*??x 10'' ergsrO. 


(6) The Value of the Gas Constant K. — « 

(t) Value of the gas constant K for 8 gms. of Oxygen.—^Now 8 
gms. of Oxygenof 1 gm.-molecule of Oxygen, since 1 gm-molecule. 
of Oxygen equals 32 grammes of Oxygen K=^nR—\y. 8'31 x 10^ 
€i:gs/“C.=2'078xl0^ ergsTC?. » 

(ii) Value of the gas constant X for 8 gms. of hydrogen.—Taking 
the molecular weight of hydrogen as 2 gms., the quantity of hydrogen 
here is 4 gm.-molecules; or, 4. .ff==wi2=4x8'dl xlO"^ 

erg8ra=33'24xl0" ergsrC’. 

(ut) Value of the gas constant K for 1 gm. of air.—Owe litre of 
oiV weighs r293 gm- at N.T.P. Find the value of K considering 1 
gm, of air. 

The volume of 1‘293 gm. of air at N.T.P .=1000 c.c. 

1 1000 

* " n n 1- S®* n n n 1*293 

The normal pressure of the atmosphere=l’013x 10® dynes per sq.cm, 
Wel»ve,Pf'=P,V.=irr. .••• 1-013x10“xi?^=ix273. 

So, jT—2'87 X10® ergefC. for 1 gm. of air. 

S9. Change of Density of a Gas : —It is often useful to know 
the changes of density instead of the changes of volume. If P, P' 
represent the original and final densities of a mass M of gas, and 
Vf V' be the corresponding volumes, then, 


Fx P=: V'x P'; or V^M/JD, an 
r£~ » becom 


So> the equation, 


r^MfD\ 
PM_^FM 
DT lyr* 


a constant ••• ••• (!) 

or, when T® T, 
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Hence, the density of a gas at constant temperature varies directly 
as the pressure. 

Again, from (1), DT^D'T\ when P—P\ 

Hence, the density of a gas at a constant pressure varies 
inversely as the absolute temperature. 

60. The Kinetic Theory of Gases : —^The simple gas laws, 
namely Boyle^s Laws, Charles’ Law, Avogadro’s Law*,etc. are generally 
obeyed by all gases. So it is reasonable to suppose that they all 
possess a common and simple structure. During his investigations on 
the stnicture of gases. Bernoulli, assuming a simple common struc¬ 
ture of the molecules for all gases, first suggested ihat the pressure of 

' a gas could bo explained, if molecules were endowed with con¬ 
siderable velocity. Starting from this Kinetic concept, he actually 
deduced Boyle’s Jaw but his tneory did not develop fuller until Joule 
carried out in 1848 his famous experiment on the equivalence of 
mechanical work and heot. However, the credit of giving the Kinetic 
concept a concrete form lies with Clausius who formulated in 1857 
the following ba^c postulates for a Kinetic theory of gases ; 

(1) “TAJ molecules of a given mono-atomic gas are identical solid 
splieres which move in straight lines until they collide with one 
another or with the walls of the containing vessel. 

(2) The time occupied in collision is negligible ; the collision is 
perfectly elastic and there are no forces of attraction or repulsion 
between the molecules themselves. 

(3) The molecules are negligible in size compared with the size 
of the container” 

Clausens introduced also the idea of the mean free path of a gas 
molecule ; this is a very important concept in the study of molecular 
motion in a given boundary— ''The mean f ee path is defined as the 
average distance traversed by a n\plecule between two successive 
collisions!^ 

61. Interpretation of Various Physical Quantities rela^ 
ting to a Gas by the Kinetic Theory :— 

(1) Temperature .—A mass of gas means a vast assemblage of 
molecules in a given boundary, tbo container. The molecules are 
never at rest but are at random motion with very high velocities 
directed in the most haphazard manner. As a matter of fact, all 
manners of velocities are probable [vide Brownian Motion, Art. $2(2)J. 
The energy possessed by the molecules is all Kinetic and arises by 
virtue of their being in continuous motion (the molecules have no 
potential energy, since they neither attract nor repel each other). The 
Emetic energy manifests itself us the temperature of the gas. This is 

*Avogadro’s Law.— Equal volumes of all gases under the same condi¬ 
tions of pressure and temperature contain the same number of molecules. 
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“wliat is called the Kinetic interpretation of temperature. When the 
motion becomes more rapid, the temperature increases and vim-v&rsa. 
Oonsistontly the temperature will fall to nothing, when all molecular 
motion ceases. ThU temperature will^ therefore^ be the absolute xero 
temperature and no temperature can be lower than this and this is 
a direct deduction from the Kinetic theory of gases, 

(2) Pressare.— The molecules, in course of their motion, make 
collisions against'cach other as also against the walls of the container 
from which they rebound back into the interior of the gas, without 
loss of energy, exerting a force on the walls. Blows or hits incessantly 
given to the walls constitute a continuous force tending to push out 
the walls just as the water particles rushing out from a hose tend to 
push off an obstacle against which they strike. The force and so the 
pressure (which is force per unit area) is uniform and steady for the 
hits are incessant and are directed against the walls o^ the container 
equally in all directions in all probability. 

(3) Poof Mean Square Velocity iR.M.S. Velocity) of a 
Gas .—The pressure of a gas can be deduced mathen^p,tically by the 
application of Newton's second law of motion. For, when a molecule 
proceeding with a certain velocity hits a wall of the container, it 
rebounds, and therefore undergoes a change of momentum without 
loss of energy, for according to the Kinetic theory the collision is 
perfectly clastic. The rate of change of momentum is proportional to 
the force exerted on the wall. Proceeding in this way, an expression 
for the pressure can be deduced.* For a monoatomic gas this relation 
is given by pv=^mnG^ = ^MC^, where p=^pressure, volume of the 
gas, if=mass of the gas=mass (m) of a molecule x number (<<() of 
molecules present in the volume and C*=the mean value of the squ¬ 
ares of the velocities of the individual molecules of the gas at any 
instant at the given temperature. The quantity C is called the root 
mean square vrloeity for a gas. It is proportional to the square root 
of the absolute temp, of the gas, for 


[BBT . /m 

^ M M 


3Pr 

M 


R and M being constants for a given quantity of the gas. 

Again pv=^lm.n. C® = | • | m. w. (7“* = |x K.E. 

That is, the pressure of a monoatomic gas is numerically equal 
to § of the K. E. of the molecules per unit volume of ike gas. 

(4) Distribution of Molecules ,—^The molecules of a gas are 
tall alike. For a monoatomic gas, each molecule is a perfectly elastic 
sphere having a fixed mass. Its volume, however, is so small that it 
Is treated as a mere mass-point. That is, it has a mass as well as a 
position (which varies from instant to instant) but no dimensions. 


*Por the mathematical deduebion of the expression for the pnsswrs, read 
Art. 6ltA) under Heat of the “Additional Volume” of this book. 
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Even a small portion of a gas contains an inconceivably large number 
of molecules which is of the order of 27 X10'® molecules per c.c.i* 
Clonsidering lie laige number of molecules in a small space and the 
enormous velocity each molecule possesses and also the fact that the 
time taken during collision is negligibly small, the distribution of 
molecules in the volume is, in all probability, uniform in spite of the 
fact that by collision the directions of motion of the molecules are 
ehanging every moment, for such changes of direction of motion will 
occur in all directions and quite a large number of times at each 
instant. 


62. Evidence of Molecular Motion :— 

(1) Diffusion ,—^The phenomenon of diffusion (nds Art. 221, Part 
T) provides an evidence in support of the molecular motion in fluids. 
Tf a jar containing, a light gas like hydrogen is inverted over another 
containing, say, carbon-dioxide, a heavier gas, a uniform mixture is 
formed after a while This ha|)pens in spite of gravity under which 
the heavier gas t^hould remain in the lower jar and the lighter one in 
the upper jar. A similar case happens when a strong potash per¬ 
manganate solution is kept at the bottom of a cylinder and water is 
slowly and carefully added from above without causing any agitation. 
The coloured permanganate solution gradually works up and spreads 
throughout the whole mass. 

Such processes of self-mixing of one fluid into another, sometimes 
even in opposition to gravity, known as diffusion, are possible^ only 
because the molecules of any fluid are in perpetual motion in all 
possible planners and this concept of molecular motion is the basis 
of the Kinetic theory. 

(2) Brownian Motion .—A direct evidence, based on visual 
■experience, first experimentally desnonstraled by Dr. Brown, has 
■established beyond all doubts, the reality of molecular motion in fluids. 

In 1827 Robert Brown, an* English Botanist, while observing 
suspensions of powdered gamboge in water (which are inanimate 
particles) under a highly powerful microscope found the partimes 
moving about in the wildest fashion. Each particle viewed under 
tke microscope, appears like a tiny star of light in rapid and incessant 
motion in the most haphazard fashion. Each particle rises, sinks and 
rises again, or moves to a side this way or that way and so on. The 
motions are spontaneous and incessant. The motions are more vi^r- 
OU8 in a less sticky liquid or when the temperature is increased. They 


+ rhe number of molecules contained in a jfonifne-nwlsciile (molecular 
weight expressed in grammes) is a constant for any gas, according to 
Avogadro’s hypothesis and is called the Avogadro number (iv). The 
accepted value for N is 6*062X10**. 


m 


1NTEB1GB2PU.TE PHYSIOS 


arc just perceptible in glycerine while most quick in gases. Such 
chaotic molecular motion in a fluid is called Brmvnian motion. 


Gas 

At. N. T. P. 

Avogadn 
iiumbei {N) 

Density R.M.S. velocity 

(gtD8./c.c.) (cms./sec.) 

Hydrogen 

Oxygen 

Nitrogen 

Air 

Caxbon>dioxide 

8-9X10-* 1 18-38X10‘ 

14-3X10-* ' 4-61X10* 

12-5xl(>-* i 4-93X10* 

12-9X10-* 1 4-85X10* 

19-8x10 * 1 3-93x10* 

6-062 X10*» 


63. Explanation from the Kinetic Theory p— 

Boyle*s Law. —If a gas is compressed at constaat temperature to 
half its original volume, the number of molecules per cubic centimetre 
is doubled i.e. the density of the gas is doubled, and the number of 
molecules striking against a wall per unit area per second, i.e. the rate 
of striking against the wall per unit area is doubled. So though the K.E. 
per molecule remains constant (the temperature remaining the same), 
still the pressure is doubled due to the rate of striking being doubled. 
Thus the product of pressure and volume remains constant at cons¬ 
tant temperature. This is Boylc^s law. 

Preseure-'Temperature Law. —When a gas is heated at constant 
volume, the heat energy given increases the K.E. of the molecules 
which is, at all stages of heating, proportional to tlie absolute tempera¬ 
ture {T) according to the Kinetic tlieory. 

Now (pressure x volume) “ K.E. 

os 7'. 

At constant volume, pressure P« T. 

CAang* State.—During Ihe change of state oi a substance 
from the solid to the liquid or from the liquid to the gaseous state, 
the temperature does not rise. How to account for the latcmt heat 
then ? The heat supplied in the form of latent heat is utilised in 
further separating the molecules from one another against their forces 
of attraction without increasing their velocity. 

64. What is a Perfect Gas ? Is there any Gas which i» 
Perfect ? 

A gas is said to be perfect or ideal, if the assumptions of the 
Kinetic theory of gases {vide Art. 60) strictly apply to its case. This 
is the same thing as to say that such a gas should strictly obey tiie 
equation of state, PV^BTy for this equation can be deduced under 
those assumptions. The equation combines in itself the HoyWs law. 
Chariot law and the Pressufie law. A gas which strictly obeys the 
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above laws, therefore, can be called a perfect gas. Such a gas should 
also follow Joules which is only a consequence of the Kinetio 
theory of gases. Such fi gas cannot have any viscosity and should 
remain gaseous down to the absolute zero. 

As a matter of fact, no real gas exists which strictly can be called 
a perfect gas. Some of the gases like hydrogen, oxygen, nitrogen, air, 
etc. which were formerly described by Faraday as permanent 
goBen, have been found to obey the above gas laws approximately 
under definite conditions only. For instance under moderate pressures 
and at temperatures which are not low, they conform to Boyle^s law 
and under those limited conditions they may be regarded as perfect 
gases and not under other conditions. For ordinary purposes, however, 
these gases are always referred to as perfect gases. 

65, Isothermal and Adiabatic Changes :— 

IsothermahChanges. — Physical changes, e.g. changes in pressure, 
volume, etc. brought about in a substance at constant temperature, are 
called isothimial changes. Thus the changes in pressure and volume 
of a gas in aT3oylc^s law tube arc isothermal changes. In isothermal 
compression or expansion, the gases like hydrogen, oxygen, air, etc. 
known as permanent gases, obey Boyle^s law approximately and the 
pressure (P) vs. volume ( V) graph of such a gas at a constant tempera¬ 
ture, which is called an hnlhermal Cune or simply an isothermal of 
the gas at that temperature-, is found to be a reftnnanlar hyperbola 
within moderate ranges of temperature and pressure (Fig. 180, Part I). 
That is, PP^a constant at a constant temperature. 

Next, let us see what conditions Jire to be fulfilled for isothermal 
changes to be produced in a gas. Consider a gas kept in a cylinder 
closed by a movable piston. If the gas is compressed bv pushing the 
piston inwards, heat will be generated equivalent to the work done 
on the gas ; whereas, if the compressed gas is allowed to expand 
pushing the piston outwards, the gas will be cooled, i.e. heat will be 
used up, corresponding to the work done by the gas against external 
pressure. So, to maintain the te&iperature constant, heat is to be 
taken out from the gas, in the case of compression, at the rate at 
which it is produced, and supplied to the gas, in the case of expansion, 
at a rate equivalent to the work’done by the gas. If the cylinder is 
made of the best possible conductor of heat, the rejection or absorp¬ 
tion of heat by tlie gas becomes easy, if it is placed in contact with a 
medium of large thermal capacity. So in practice a metallic cylinder 
is used and the same is placed in a current of air or water, for 
constancy of temperature, when isothermal changes in pressure and 
volume take place within the giis contained in tiie cylinder ; if the 
changes take place slowly, the substance gets sutlicient time either 
to gain or lose heat, as the case may be, and the temperature remains 
unStered. Sin slow changes are often referred to as isothermal changes. 

^Joule's Liiw— Ic bUtei that there should be no fail of cemperature of a 
iSM when it expands into vacuum, ii it ia a peifect gas. 
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Adiabatic Changes .—A physical change iii a substance is said 
to be adiabatic when the substance is acted on in such a way that it 
neither gives out heat to, nor takes heat from, any body external to it. 
That is, in an adiabatic change physical conges take place without 
loss or gain of heat as heat. So in adiabatic changes the working 
substance retjuires to be kept in perfect thermal isolation from exter¬ 
nal bodies by covering the container with perfectly non-conducting 
materials ; such processes are often called the processes of lagging in 
technical language ; moreover, if the physical changes are sudden 
or rapid, chances of exchange of heat will be further reduced. That 
is why, sudden changes are often regarded as adiabatic. 

In adiabatic compression, a gas is rapidly heated up, because the 
heat produced due to the work done on the gas remains lodged within 
the gas itself ; while in the case oi&n adiabatic etpanston, the gaa 
becomes rapidly cooled down, for the energy equivalent to the work 
done by the gas is drawn from the gas itself. The relations between 
pressure {i\ volume (Fj, and temperature (T) in adiabatic changes in 
the case of a perfect gas are as follows : 


The relation between pressure and volume is PV^ = Ki, a constant. 

-y—1 

The relation between volume and temperature is FT =-^ 2 , a con- 

* l-y 

stant. The relation between temperature and pressure is TP ^ = JTs. 
a constant, , 

where 7 =^' beat of the g as a t const, pres sure jCp) 
sp. heat of the gas at const, volume (C*/ 

(vi(h Art. 81, wherein it is shown that Cp is greater than Cv, i.e. 

y is greater than one). If an isother¬ 
mal curve and an adiabatic curve 
be drawn for the same gas, over 
the same ranges of pressure and 
volnme, the adiabatic curve will be 
found to be steeper than the isother- 
mkl curve {vide Fig. 35). 

(For the relation between iso¬ 
thermal and adiabatic elasticities 
0 ^ a gas, vide Art. 21, PartTII) 

Examples.—(Z) A qmtaitg of dr^ 
air oeoupiot 1000 ee at 20‘^O. and undor 
a preoturo of 760 mm of morovry. At 
what temperature wtll it oeeupy 1400 0 0. 
under a preeiure of 760 mm. of mere/ury t 

(0. U. 1929} 
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Fig. 35—Adiabatic Curve is steeper 
than the Isothermal Curve. 


, PV PT' 760)cl000 750x1400 
We have. ; or 
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{2) Th 9 mtasurtmtnt of a room ia 60 ft.xOO ft.x2S fi. If th$ iamporalwo 
of tha room ie inertoaed from 20 0. to 26°0., calculate what percentage of th» 
original volume of air wtU be expelled from Ae room, the preaaure remamtng 
eonatant. 


Let Fx=original volume of ait»»volume of fhe room= (50 x 30 x 25) cu. ft. 
r,=final volume of ait at 25'’C., Ti—20+«;73=293°C. Abaolute. 
r,=s25 + 273 = 298®C. Absolute. 


We have. 


T. 


293 


Volume of air erpelled=38139-9-(50x 30X 25)=639-9 cu. ft. 


639*9 

Hence petcentage of air e*pelled=gQj^ 2 g.g^^®®“^ ^^' 

(3) Find the maaa of one cubic metre of dry air at 62'F. and a preaaure of 75 
oma, of mercury, thi dmaityof air at N. T. P. being 0 001293 gm. per o.e. 

62°F= (62-32) Xg = IS-e^C. = 273+16-6 = 289-6^C. Absolute. 

The mass of a cubic metre (10^ c.c.) of dry air at N.T.P. 


=10'>X0-001293»1293 gms. 

If ^ be the mass of a cubic metre of air at 75 cms. of mercury and 62 F. 
we have, 


.DX289;6_l293 x 273 ggj whence £>=1203 gms. 

75 76 

(i) The maaa of one litre of air at O'O ia r293 gma. when the preaaure ia 
I'OlSX 10^ dynea per aq, cm. Find the vtdue of K in the equation PF= KT. 

The vol. of 1-295 gms. of air is 1000 c c. So vol. of 1 gm. is 1000/1-293 c.c. 

So, we have. l-013Xl0*xJ5^°"3*^X273. f; 0“C.=273«C. Absolule.] 

or y _l'013 Xl 0*Xl000 _g.fi7yin<i jfgj, per degree centigrade per gm. 

273X1-293 
£wd«Art.58 (6)] 

(5) Determine the height of the barometer when a milligram of air at 30y. 
oeoupiea a volume of 20 o.o. in a tube over a trough of mercury, the mercury etanding 
730 mm. higher inaide the tube than in the trough. (1 c.c. of dry air at N.TJ*. 
weighs 0'001293 gm.). 

The wt. ot 20 c.c. of air at 30'C=1 mgm.=0-001 gm. and lo. 
wt. of 1 c.c.=0-001/20 gro. 


If P he the pressure of the enclosed air. 


760 


0"00 ^ ^ ^273+30) 0*001293 X 273 


; whence P^326 mm. 


The height of the barometer *» 730+32 6 » 762*6 mm. 


(6) When the tempertOwe of the air ia 32°0. and the barometer atonda a< 7‘S8 mm., 
the apparent maaa of a piece of eilver when eounterpoiafd by braae wetghta tn a 
delicate btdanee ie found to be 26 gma. What ia the actual maaa / The denatty of 
arfosf ta 10‘5 and that of braaa S‘4, both at 32''0. 
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Let m Im. be the true m«c« of the tilver, then iti volume i« m/lChS c c. 
•vrhich M «1 bo ^ volume of eiz displaced by ft. 


This volume reduced to N,T.P. becomes ^ 


m 


273 


,755 


10-5 ( 273+32) 760' 
But the mass of 1 c.c. of dry ait at N.T.P. a0‘001293 gm. 

/. The suss of the above volume of air 

273 ^755 


=0‘001293X™,X 


x:^<=000lU97x 


10-5 (273+32) 760 

Hence t-he apparent mass of silver in air 
_ 0*00114Q7»»i,*^/• , 0’0011497\^_ 

--15=5-“( 


10‘5‘ 


••• ... ( 1 ) 

The volume of brass weights is 25/8‘4 c.c. and the mass of ait displaced bv rb^ 
^eight8=s0‘0011497 x 25/8‘4gm. ispiacea oy toe 


The apparent mass of the brass weights in ait 


>25 


{ 


0*00114971 
8*4 




gm. 


( 2 ) 


Since the apparent weights of silver and brass are in equilibrium, we have 


from (1) and (2), m 




0 00114971 
-W5—} 




0*00114971 
8 *4 j ' 

or, m=24 9934 gm. 

(7) A litre of air at 0'‘O and under atmoepherie pre»»we wighe T2 gma. Find 
the mae» of the air required to produce at—18°0. a preteure of 3 atmoepherea in a 
'uohima of 75 e,e. (Pat. 1924) 

Let P be the atmospheric pressure. Then the pressure on the mass of 
the air*=3P, and its absolute temperature r*273—18 = 255^ 

PF P'V' Pv F ‘^Pv7'=» 

Then from the formula £-^=5-^, we have — 255“' ^ 


the volume of the mass of air at 0°C, and at atmospheric pressure P. whence 
F*e 240*88 c.c. 

But the mass of 1 litre or 1000 c.c. of ait at 0°C. and atmospheric pressure 
ds 1*2 gm. The mats of 240*88 c.c. of air 0*289 gm. 


Questions 


L State concisely the 
'perature of a gas. 


relations between the volume, pressure and tern- 

(C. U. 1912. '50; G. U. 1950) 


Describe an experiment to prove the relation between pressure and 
temperature when the volume is kept constant. (C. U. 1912) 

2 Ten million on ft. of gas are supplied to a town per week under a 
[ 3 in of Water over the atmospheric pressure at 5a. per 10* cu. ft. 
mercury barometer reads 31 in.« the Gas Company can make no 
dl Find the profit per week when the average height of the 
is 29 in. Given, density of mercury ■ 13*6. 


pressure o 
When the 
ptofi-t at I 
barometer 


[iiM. .* £17l.-5f.] 
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3. A flask whicb. cotttama 250 c.a of air at atmospheric pressure is 
beated to lOI^C. and then corked up. Is it afterwards immersed mouidi 
-downwards in a vessel of water at 10°C3^. and the cork removed, what 
'Volume of water will enter the flask. If the Anal pressure is atmospheric ? 

[Afw.: 60*4 C.C.] 

4. A flask containing dry air is corked up i^t 20“C, the pressure being 

one atmosphere. Calculate the temperature at which the cork would be 
blown out if this occurs when the pressure inside the flask is 17 atmos¬ 
pheres. (R. U. 1955) 

{Am.: 2251 °C.] 

5. Describe an experiment to And the coeflicient of expansion of a gas 

at constant pressure. (0. U. 1929, ’35. ’40, ’51; Pat. 1932) 

6. Describe the constant volume air thermometer and explain how you 
will use It to Aud the melting point of wax. 

4 (All. 1927 ; c/. 1920 . Pat, 1926 ; R. U. 1944, '46) 

7. The pressure in a constant volume air thermometer is 770 mm. at 
15"'C. What will it be at 20'C. ? 

[4f»f. ; 783 mm.^ 

8. Prove that for a perfect gas the volume and pressure co-efBcients are 

equal. (Nag. U.. 1953 ; Raiputatia, 1949 ; Del, 1952 ; U. P. B. 1947) 

9. FiXidaiu how the tlier util expaosioa of air can be utilised as a 

''convenientmoans of measuring temperature. (All. 1918, ’24) 

10 What is^he ^mperature of a gas whoso pressure is 136*63 cm. of Hg, 

if its pressure at O^C. is 100 oms. of Hg. the volume remaining constant. 
(Jriven the jiressure co-eflScient of the gas =s0*003663. (Vis. U. 1954) 

iAn» : lOO’C.] 

11 A uniform vertical glass tube, open at the top and closed at the 

bottom contains air and a pellet of mercury 3*0 cm. long TJie lower end 
of the pellet is 30*5 cm. above the bottom of the tube when the tube is at a 
temperature of 5°C. How far will the pellet rise, if tlie tube is heated 
to 100“C. ? (U ckal, 1952, *54) 

[An«. : upto 40*83 cm.] 

p- 12 What is meant by ‘absolute teinperatuie’? Find fchf value of the 
absolute zero on the Fahrenheit scale. (Pat. 1928 ; G. U. 1951; 0. U. ’38, 49) 

[Ans..* ^459 4T.] 

13. Why is it necessary to take account of the pressure of a gas in deter¬ 
mining its co-efficient of cubical expansion ? 

200 c.c. of air at 15'’C. is raised to*65’C. Find the new volume, the 
pressure remaining unchanged. (C. U. 1915) 

[An#.; 234 7C.O.] * 

14. A gas at 13°C. has its temperature raised so that its volume is 
doubled, the pressure remaining constant. What is the Anal temperature ? 

[An#. .* 299‘’C ] (Dae. 1933) 

15. Find the percentage increase of pressure in the tyres of a bicycle 
taken out of the shade (59°F.) into the sun (95‘’F.) disregarding the ex¬ 
pansion of the rubber. 

[An#.; 7%3 

16. At what temperature would the volume of a gas, initially at (y*0., be 

doubled, if the pressure at the same time increases from that of to 800 
millimetres of mercury ? (C. U. 1918) 

[An#. ; <=351'’C.] 

17. What volume does a gram of carbonio acid gas occupy at a tempera¬ 

ture of TTC and half the standard pressure ? (1 c.c. of carbonic acid weighs 
>0*0019 gram, at 0°C. and standard pressure). (C. U. 1912 j of. 1918, ’33) 

[An#. ; 1349 c.c, nearly.] 

25 
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18. At 22°C. and at pressure of 74 cm. the volume of a given mass of gas> 
was found to be 54*02 c.c. On cooling to O^C., the volume became 49*3 c.c.t 
the pressure having risen to 75 cm. Find the«co-e£Elcient of expansion o£ 
the gas. 

[Aws.; 0*00368rc.3 

19. State bow the volume of a gas changes when its temperature and 

pressure both change (Dac. 1921, '33> 

20. Air is collected in the closed arm of a Boyle’s tube and the volume 
found to be 32 c.c., the temperature being 17’C., and the height of the 
barometer 753 mm, while the mercury stands at 3*5 cms. higher in the 
closed arm than in the open one. What would be the volume of the air at 
0®C. and 760 mm. pressure r 

[Ans.; 29*7 c.c.] 

21. A quantity of gas collected over mercury in a graduated tube is 
found to occupy 25 c c. at 27®C, The level of the mercury inside stands - 
cm. higher than the level outside while the barometer stands at 75 cm; 
Find the volume that the mass of the gas would occupy at a pressure of 
74*5 cm. of mercury and at a temperature of 32“C. 

[Afif.; 20*5 c.c. approx.] • 

22. Establish the relation PV^’RT for a gas. 

(Mysore. 1952; East Punjab, 1953; C. U. ’50; U. P. B. 1951; M. B. B. 1952> 
Given that one litre of hydrogen at N.T.P. weighs 0*0696 gm., calculate 
the value of R for a gramme of the gas. (G. U. 1938; R. U, 1959) 

Write down the value of the gas constant. (G. iJ. 1950: R. U. 1945) 

f Ana.; 4*15 x 10» ergs/'C.; 8*3 x lO^^ ergs/^C.] 

23. Assuming the perfect gas equation to hold for carbon dioxide, cal¬ 
culate its gas constant R, given that 22*4 litres of CO, weighs 44 gms. at 
N.T.P. 

[For 1 gm. of CO*] (Rajputana, 1945 ; U. P. B. 1947} 

[Ana. ; 1*88 x 10* ergs/®C.] 

7A, The mass of 1 c.c. of hydrogen at 0®C. and 760 mm. pressure is 
0*0000896 gm. per c.c. What will be its mass per c.c. at 20°C. and 760 mm. 7 
[Ana. .* 0*0000835 gro,/c.c.3 

25. A litre of hydrogen at N.T.P. weighs 0*9.gm. What is the weight of . 

a litre of this gas at 27°C. and 75 cm, pressure f (East Punjab, 1952) 

[Ana,: 0*8 gm.] ^ 

26. Compare the density of air at lO’C, and 750 mm. pressure with its 
density at 15®C. and 760 mm. pressure. 

[Ans. .* 54: 53*77] 

27. On a certain day the baaometer reads 76 cm. and temperature in 

lOX. On being taken to the bottom of a mine shaft, where the tempera¬ 
ture is 27*0., the barometer rdhding increases by 4 cm. Find the ratio of 
the density of the air at the bottom ol the shaft to that of,air on the ground 
level • 

[Ana.; 0-993; 1] 

28. A Bask is filled with 5 gms. of gas at 12'’C. and then heated to 50*Cl 
Owing to the escape of some of the gas* the pressure in the fiask is tha 
same at the beginning and end of the experiment. Find what weight of 
the gas has eacaped. 

[Ant. f 0*67 gm.] 

29. Write notes on the molecular motion in gases. (C. U. 1949) 

30. How do you account for the pressure of a gas in a closed space and 

on what factors does it depend ? i(Pat. 1932) 

31 Bifierentiate between Isothermal and Adiabatic changes with the 
h^p of simple’ illustrations. 

Obtain a relation between the isothermal and adiabatic elasticities of a 
perfect gas. (R. U. 1947) 

(•rta Art. 24, Part. Ill) 
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66. Quantity of Heat .•—If we take 10 gme. of water and raise 
the temperature from lO^’C. to 20°C., then the quantity of heat required 
for this purpose will raise the temperature of 1 gm. of water through 
100°C., or 100 gms. of water through l'’C. 

From this we find that the quantity of heat required to raise the 
temperature of a substance through a given range depends on (l) its 
mass, (2) rainge of temperature, t.e, on the number of degrees 
• through which it is heated, and, we shall see later on, it also depends 
on (o) the mture of the substance. 

67. Calorimetry and Calorimeters : —^Calorimetry means the 
science of measurement of quantity of heat. It has come from the 
word Calorie which is a popular unit for quantitative measurement 
of that. The vessels in which the measurement of quantities of heat 
is carried out are called Calorimeters. These vessels are generally 
made of copper. Vessels of different sizes and shapes and made of 
special materials are also available. Every calorimeter is provided 
with a stirrer made of the same material. The stirrer is generally 
taken in the form of a wire ending in a loop which is placed in ^e 
liquid used in the calorimeter and moved up and down. 

68. Units of Heat .— 

(а) V'fca/orie.—^It is the C. 0. S. unit for heat and is the amount 
of heat required to raise the temperature of one gramme of pure 
water through I'C. This unit is called a calorie or gram-degree 
Centigrade Unit. This amount is a quantity which can be added, 
subtracted, multiplied or divided, just like any scalar quantity. 

[It IS ezpeiimentally found that tbe,quantity of heat tequued to raise the 
temperature of 1 gm. of water through TC. varies at different parts of the 
temperature scale, though the variation is small. So, the size of the calorie, 
according to the above definition, is liable to vary. This has given rise to 
various definitions of a calorie, each of which seeks to fix up the size of the 
calorie in its own way. We must at least take note of two of these eolofssf. 
On'e of them ii known as the Caloric. It is equal to the heat required to 

raise 1 gm. of water from to 15‘5°C. In accurate calculations, the 

scientists prefer this unit to the other unit which is called the mean 
alorie. The iiMan eeloris is equal to the heat required to raise 1 gm. of water 
frodi O'^C. to lOOX. divided by 100. For ordinary calculations it is this fiwafs 
oolorls which is commonly used. Unless great accuracy is required, one need 
not distinguish between the different values of eolom over the range 0°C. to 
10(fC.] 

(б) Ni^ue British Thermal Unit (B.Th. U,) or Found-Degree 
Fahrenheit Unit is the amount of heat required to raise the tempera¬ 
ture of 1 pound of water through fF. It is also expressed as B.Th. U. 

1 Therm.=100,000 B.Th.U. 
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(c) The Centigrade Heat Unit (C. H, U.) ia the amount of 
heat required to raise the temperature of one pound of water through 
1“C. It is a mixed unit and is largely used in^Eugineering. 

69. tlelations between the Units of Heat s — 

1 lb. of water s=453’6 gms. of water ; and 
1 B. Th. U.=463'6 x |=262 calories, 


Thus to convert from calories to B. Th. 17., multiply the calories 
by 11252 ; and to convert from B. Th. U. to calories^ multiply the 
B. Th, Ws by 232. 


Again, a Centigrade degree is | of a Fahrenheit degree ; so the 
Pouud«Degree Centigrade Unit ~ 5 or 1*8 B. Th. U,; and since, 
1 pound=4:53’6 gms., we have, 


One Pound-Degree Centigrade Unit (C //. 17.) =252 x 
463’6 calorics. 



70. Principle of Measurement of Heat .-—Take two beakers 
of the same size. Into one of them put 60 c.c. of ^ water (mass=50 
gms.) at 40*^0, and in the other 50 c.c. of ice-cold water. Now 
quickly mix the contents of the two beakers. It will be found that 
tile final temperature of the mixture is midway between 40'’C. and 
0“C., e.g. 20°C. 

Again, if 100 gms. of water at 60“ C. ia mixed with 100 gms. of 
water at 20 C., the resulting temperature of the mixture will be 40“C. 

In this experiment we assume that (o) the quantity of heat gained 
or lost by one gramme of water taken at any temperature for a change 
of l^C. ib constant, i.e. it is the same whether the temperature changes 
from, say, 30“ to 31“, 80^ to 81° or 55° to 56°; (/>) the exchange of heat 
takes place between the two quantities of water without any less or 
gain of heat from any other causes. 

In other words, the heat lost by 50 gms. of warm water, is equal 
to the heat gained by 50 gms. of cold water, or again the heat lost by 
100 gms. of water in cooling through 20°C. (from 60° to 40°) has raised 
the temperature of 100 gms. of water through 20° (from 20° to 40°), 
This is the main principle of the measurement of heat, i.e. 


heat lost= heat gained. 


.*. 50(40-0 »50(<-0); or, 2000« 100 «; or, <»20®C. 


[Note —H two maaiee fiu and are added, the resultant mass, «i=5fiii+ 
and if two quantities of heat <?, and added, the resultant quantity, 

but ^n^eratures do not foUour the addins law, viz. if two bodies 
at temperatures Bx and Sg are mixed up, the resultant temperature 0 of the 
mixture is not equal to 

7 Jh^jl^pecific Heat We have seen that by mixing 100 grams 
of water at 00°O. with 100 grams of^ water at 20°C., the resulting' tem- 
per^ure of the mixture becomes 40°C. But if 100 grams of water at 
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BO'C. are mixed with 100 grai^ of turpentine at 20”C, the resulting 
temperature of the mixture will be about 48^C. Thus, the heat given 
out by the water in cooling throqgh is sufficient to raise the 

temperature of turpentine through 28"C. If any other liquid is taken, 
the result will be different. Again, if equaji masses of different metals 
are heated to the same temperature, and then each of tliem is separ* 
rately dropped into a beaker containing water at the room temperature, 
the mass of water in each beaker being the same, it will be found that 
the water in the beakers will be raised to different temperatures On 
calculating the quantity of heat in each case, it will be found that 
different metals give out different amounts of heat in cooling through 
the same range of temperature. It is also evident that these metals 
i absorb different amounts of heat, when heated tlirough the same range 
of temperature. 

£xpf.— Place a number of balls of different metals, say lead, tin, 
brass, copper, iroti, and of the same mass, say 'tn gms., in a vessel of 
boiling water. After a few minutes 
remove the balls and place them on 
a thi{‘k slab of parafiin. The balls 
will melt the^ parftffin, but not to 
the same amount (Fig. 3(i). The 
ball which absorbed the greatest 
heat will, of course, sink farthest 
into the paraffin. 

Since the mass m and the rise ^ 



of temperature t are the same in each case, there is some sperific 
property of the substances on which the quantity of heat taken up 
by each of them depended. The specific heat of a substance refers to 
this specif property of the substance. ^ 

The heat H required to 'raise the temperature of m gms. of water 
throug/» fO.^mt calories. 

The heat required to raise m grams of mercury through the same 
range of temperature (FC) is much leas than mt calories. 

If H* denotes this amount of heat, we have, IV « mi \ or, j3's« 
s X mt, where s depends upon the specinc property of mercury. 

of Specific Heat i —Specific heat is defined in 
different books in either of the following two ways. The modem 


view k for accepting the second definition. 

^ The Specific heat of a substance i* given by the ratio of 
quantity of heat required to raise any mass of the substan(» through 
any range of temperature to the quantity of heat required to raise 
an eq^ mass of water through the same range of temperature. 

The Specific heat of a substance is the quantity of heat 
required io-raise the temperature of unit mass of it through one 




Note— 


(») According to the first definition, the specific heofjs a met $ 
number involving no wnii for it, in both the C, 0. 8. and 
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uniU the value of the specific heat of a substance is the same. Thae, 
if m be the mass of a substance and s its specific heat, 

^ ^ amount of heat reqd. to raise m gms, of substa nc e thron g h fC. 
amount of heat roqd. to raise m gms. ot water through fC. 

Similarly, in British units 

g ^ amount of heat reqd. to raise m lbs, of substance through 
amount of heat reqd. to raise m lbs. of water through fF. 

But the amount of heat required to raise-w grams of water through 

is calories. 

Therefore, the amount of heat required to raise m grams of a 
substance through fC.==‘mXsXt calories. 

Similarly, the amount of heat required to raise m lbs. of a subs¬ 
tance through t°F.= mXsxtB. Th. U.^s. 

Thus, the amount of heat required to raise the temperature 
of a body =* Mass X Sp. heat X Rise of temperature (Calories, or 
B. Th. U-^s). 

Example .— 

(») The specific heat of iron is Oil. This means ihat Oil calorie 
will raise the temperature of 1 gni of iron tlirough l"C, or that 
Oil B. Th. U. will raise the temperature of 1 lb. of iron through 1°F. 
or that Oil pound-degree centigrade unit of heat will raise the 
temperature of 1 lb. of iron through I'^C. Bimilarly, 1 gra. or iron 
cooling through 1°C. will give out Oil calorie of heat. 

(»*) According to the second definition, the specific heat is not a 
number, but a quantity of heat, i. e. it is expressible in some unit. 
In the e.G.S. system, its unit is cals, per gm. per ‘'C, whereas in the 
P. P. S. unit, its unit is B. Th. U.^s per lb. per °F. Thus, the quantity 
of heat required to raise the temperature of a body =* mass x«p. heat 
Xrise of temperature (Calories, or B. Th. U.^s). 

yjff.*s^h€rmal Capacity .'--i^he thermal capacity of a body is 
the quantity of heat required fo raise the temperature of the b^y 
through I*. ) '• 

If m be mass of the body and s its specific heat, the thermal 
capacity of the body^wi® units of beat. In the C.G.S system where 
m is in gms. and temp, is in “C., the thermal capacity—ms calorics. 

The specific heat of a substance gives the thermal capacity of a 
body per unit mass. 

Example.— The deneitiet of turn eubetoneea are ae 2 : 3, and their epeeifie heate 
are O'12 and 0‘09 reepeGtively, Compare titeir thermal capaeiiiee per unit ootume. 

(O. U. im, '3i) 

Let the denaicies of the two substances be 2a; and 3a; respectively. There¬ 
fore. the mass per unit volume of the first substance is 2a; gms., and that of 
the other is 3a; gms. Hence the thermal capacity per unit volume of the first 
fu)^tance8:2a;x012; and that of tbe second substancessSa; x 0*09. 

. Thermal capacity of the firet lubstanr e ^2a;x0*12 ^8 
Thermal capacity of the second substance 3x x 0'09 9 
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f EquioaUnt ;-4yAe water*'equivalent of a body is 

the m^s o£ water which will be h^ted through I"* by the amount o£ 
heat required to raise the temperature of the body through 

If m gms. be the maSs of a body and s its specific heat, the amount 
of heat required to raise the temperature of the boby through 1°C.— 
ms calories. This amount of heat will raise ms grams of water 
through 1°C. 

Water equivalent of the body—grams. 

So thermal capacity of a body is numerically equal to its water 
equivalent. 

75. Determination of the Water Equivedent of a Calori¬ 
meter :—Dry the calorimeter and weigh it along with a stirrer of the 
I -same material. Fill the calorimeter to about one-third with cold 
water, note its temperature and weigh it again, and thus get the weight 
of water tikcn. To this add quickly about an equal quantity of hot 
water after correctly noting its temperature. The temperature of 
this water should not be very high, otherwise the loss of heat due to 
radiation, etc. (which has not been considered in the following calcu¬ 
lation) shall have to be accounted for. Now stir the mixture and 
note the fin^l tefhperature. When cold, weigh the calorimeter again 
to get the weight of water added. 

Let mass of cold watcr==/» gms. ; mass of hot water—w' gms.; 
temperature of cold water —^i°C.; temperature of hot water ; 

common tcraperature of the mixture =/°C.; water equivalent of the 
calorimeter atid stirrer = W gms. 

Heat lost by gms. of hot water in cooling through (<2 —/)°C. 
= caloriofe. Heat gained by m gms. of water in rising 

.through /i)'C. = mit -t\) calorics. 

Heat gained by calorimeter and stirrer in rising through 
^ W{t -i/i) calorics. Now, we have, 

total heat lost=total heat gained^ 
i.e. m' 

Errors and Precautions. —Heat may be lost by the hot water 
when being poured into the calorimeter, and moreover, the hot mixture 
will lose some heat through radiation. Due to both the accounts, the 
final temperature will be too small. Again, unless the temperature of 
the mixture is small, the loss of water by evaporation will be appreciable. 

The loss of heat by radiation from the mixture may‘be eliminated 
by adopting Rumford’s Method of Compensation. In tills method, 
the initial temperature of the water is taken as many degrees below 
that of the atmosphere (by addition of ice-cold water) as the final 
temperature of the water after mixture will bo above that of the 
atmosphere. So, the heat lost by radiation from the calorimeter after 
mixture will be exactly compensated for by the gain of an equal 
•quantity of heat by the calorimeter and its contents before mixture. 
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Specific Heat of a Solid {Method of Miziuren) :■ 
fttgnault^B Aooaratus j—The comDlete outfit of this t 





■ 
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KtgnottWu Apparatus The complete outfit of this apparatus 

consists of a steam heater 8 and a. 
calorimeter C thermally screened 
from each other by means of the 
vertical partition P which can be 
moved up or down according to- 
necessity {Fig. 37). The method is to 
heat the given solid in the steam heater 
to' a constant high temp, and then to 
drop the heated solid into the calori¬ 
meter (containing some liquid), the 
maximum temperature after mixture . 
being noted. By equating the heat lost 
by the solid to lie heat gained by 
„ the calorimeter and its contents, the 

Fig. 37 Regnault’s Apparatus. gp^ of the solid is determined. 

The heater 5 is a double-walled steam jacket (Fig. 38), the inner 
wall being A and the outer wall B. The 
inner chamber A A of the heater is 
open at both ends, the upper end being 
closed by a cork ^’and the lower end by a blid- 
ing wooden platform. It is heated exter¬ 
nally by a current of steam from a boiler 
which enters the steam-jacket through 
the inlet Li and passes out through the exit 
I/a. The solid is suspended into the inner 
chamber by means of a slender thread as 
shown, and the temperature of the cham¬ 
ber when steady (and so the temperature 
of the solid) is taken from the thermometer 
Tj inserted vertically through a hole 
in the cork. The calorimeter C (Fig. 37) is 
a copper vessel placed inside another, but 
insulated from it, by means bf cork or 
cotton wool pads—both being placed inside -a - 

a wooden box not shown in the figure'. The 38~“Steam-hcater. 

thermometer Ta held vertically in the calorimetric liquid gives the 
temperature of the contents of the calorimeter. When the solid 
is heated in the heater, the shutter is elided down to protect the 
calorimeter from the heat of the heater. 

Afethod.-r^-When the temperature of the solid becomes steady, the 
partition P is raised, the calorimeter C (Fig. 37) is pushed into a 
position vertically under the heater 8, the sliding wooden platform 
at the bottom of the heater is turned out, and the suspending thread 
is out whereon the solid drops into the liquid in the calorimeter. The 
calorimeter is then taken out, and the liquid is stirred well. The maxi¬ 
mum temperature of the mixture is noted from the thermometer Tg. 


Fig 38—Steam-heater. 
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[Fig. 39 represents a section of another very simple form of steam- 
heater for determining the specific heat of a 
solid. It consists of a fixed metal tube P 
bent at an obtuse angle and fixed inside a 
steam or water jacket. Another movable 
tube A is placed into the vortical part of P 
which is closed at the top by a cork carrying 
a thermometer T. In the beginning, the 
specimen 8 is dropped into this tube by 
removing the cork, and when the tempera¬ 
ture becomes steady this upper tube (A) is 
lifted and the specimen 8 at once falls out 
^ of the heater into a calorimeter placed at 
^ the lower end of P.\ 

Calculation .—^Let the mass and the sp. 
heat of the solid be m and s respectively 
and its steady temperature in the heater / 2 . Fig. 39—Steam-heater. 
Supiiose the mass of liquid in the calorimeter is w, and5], its ^p. hiat, 
and < 1 , its initial temp. If ir=watereqv. of the calorimeter and stirrer, 
and if, the maximum temp, of the mixture, we have, from the pritici- 
pie oft heat Ibss equal to heat gain^ 

m. s. (fg - ^ 

That fa, a=Tih:ii3;Hir.'j)' - . 

Advantages of RegnaulPe Arrangement .—^Tho chief points 
are (1) the heating of the solid to a fixed temperature without contact 
with moisture, (2) the rapidity of transfer of the hot solid to the calo¬ 
rimeter so that the heat lost in transit is minimmn, (3) the protection 
of the calorimeter from the heating unit, 

[Note- 7 -lt is to be noticed that the water equivalent of the calori¬ 
metric liquid acts in the same way as an additional quantity of water 
equal to wXsi gms.] 


Sources of Error .— • 

(1) Some heat is lost due to radiatten [vide Chapter VIII), which 
should be taken into account'*'. 

This may be corrected, to a certain extent, by previously reducing 
the temperature of the liquid in the calorimeter as much below the 
room temperature as the final temperature would be above (Rumford^s 
Method of Compensation, Art. 75) the temperature of the room. 

So, the loss of heat by the calorimeter during the second half of 
the expt. is compensated for, by an equal gain in the first half, 

The outer and inner surfaces of the calorimeter are very often 
polished, by which the loss of heat by radiation is reduced to some 
extent. 


* Fot radiation corieEtion, read Art. 76(A) under Heat m the “Addinoaal 
Volume" oi this book. Newton’a Law of cooling (oMa Chapter VIU) is used to 
make this correction. 
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(2) Some heat is lostHa transferring the hot solid from the steam-"^ 
htoter to the calorimeter ; so an arrangement is made for <h*opping 
the hot solid directly into the calorimeter by bringing it under the 
steam-heater. 


Some heat is also lost in heating the thermometer. 

(3) ^ The water equivalent of the calorimeter and stirrer should be 
taken into account in calculating the amount of the heat gained. 

(4) The thermometer should be very sensitive, say graduated to 
Tloth or ^h of a degree centigrade. 

(5) Tke change of temperature of the water in the calorimeter 
should be observed very accurately^ as the accuracy of the result de¬ 
pends more on the accuracy with which the change of temperature of ♦ 
the water in the calorimeter is noted, and not so much on accuracy 
in weighing. 

(6) The thermomete|*iU8ed in the steam-heater should be corrected 
for the boiling point 

Examples.—(i) A piece of lead at 99°C. ie placed in a calorimeter ooniaininff 
200 gtna of water at JS'O. The temperature after etirring ie 2PC. The calorimeter 
•weighe iO gme. and ie made of a material of epeoific heat 0‘01. *Gcdc'^ate the thermal 
eapaaity of the piece of lead. 

Let 0 be the thermal capacity of the piece of lead. 

Heat lost by the lead ptece=0(99—21) cal. 

Heat gained by calorimeter and water=40X0'0lX(21—15)+200(21—15) cal. 

Heat lost»heac gained. Therelote, 

0(99-21) =i (40XO‘01+200) (21—15)=s200'4x6, whence 0=:15-4 calories. 


(2) An alloy ooneiete of 60% coppar and 40% nickel. A piece of the alloy 
weighing SO gme. ie dropped into a calorimeter whoee water equivalent ie 6 gme. The 
■oalwmeter oontaine 55 gme. of water at lO'^C. If the final temperature ie 20°O.. 
caletdate the original temperature of the alloy. [Sp, ht of ooj^er<^0‘095 ; ep. kt. of 
ntoiksl=0*i2] 


TJhe mass of copper in the alloy 
the mass of nickel in the alloy =, 


60 

100 

40 

ido 


X 50 s: 30 gms., and 
x50»20 gms. 




Let f°0. be tbe original temperamire of the alloy, then 

beat lost by copper—30 x 0 095 x(t-20) cal., heat lost by nickel=320 
X 0*11 X (t—20) cal.; beat gained by water=55 x (20—10) cal. 

Since, heat lost—heac gained, 

(t -20)1(30 X 0-095) + (20 X0-ll)>-(20 -10)(55+5), whence <=138-8°0. 


(3) Mqudl volumee of mereury and glaee have the eatne capacity for heat. 
Oaleulato the specific heat of a piece of glaee of epeoifio gravity 2 5, if the e^ifio heat 
ofmerowry ie 0 0333 and die epeeifie gravity, 13 6 (Fat. 1922) 

Let the volume of the piece of gla8s=Y c.c., then its mas3=: P x2-5 gms., and 
the mass of F c.c. of mercury—F x 13*6 gms. 


Capacity for heat of F c.c. of glass (Hi) = Fx2-5xe (where e is tbe sp. ht. 
of glass). Capacity for heat of F c.c. of mercury (H* )=3F x 13*6 x 0*0333. 


hfiV^ 

Fx2*5xt-Fxl3-6 x 00333{ .*. 
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77, Measurement of High Temperature by Calorimetric 
Method :—In principle the method»is the same as the method o£ 
mixtures as explained'in Art. 76. 

A solid of known mass and sp. heat, preferably a good conductor 
of heat such as a metal, whose melting poif^t {vide Art. 9d). is much 
greater than the temperature under measurement^ is placed in contact 
with the source of high temperature. After an interval of time when 
the solid has attained the constant temperature of the bath, it is taken 
out and immediately dropped into a calorimeter containing sufficient 
water to cover the solid, and the rise of temperatui’e of the water is 


determined with a sensitive thermometer. 

4 Let tlie mass of water taken =m 

„ „ „ „ solid „ -w 

Water eq. of calorimeter and stirrer = W 

Specific heat ef the solid =8 

Initial and final temperatures of water “<i, 

Unknown temperature of the bath ==t. 


We have w s{t — t 2 )={m.l + W )(<2 — ti), whence t can be calculated. 

Example.—In oPder io determine th« temptr,Jture of a furnace, a pUtiinum ball 
weighing 80 gink. introduced into it. When it has acquired the trnnperature of the 
Jurnaee it is transferred quickly to a vessel of water at l&'-Q. The temperature rises 
to 20°O. If the weight of water together with the wa*6r equivalent of the oalorimetsr 
be 400 gms, what was the temperature of the furnace f (Spaeifie heat of platinum 
^ 00865 .) 

Let <'0. be the temperature of the furnace. The heat lost by the platinum 
ball in falling from fO. to 20°(7 as80x0‘0365x(*-20) cal. 
and beat gamed by calorimeter and wdt<‘t = 400(20—15) cal.. 

80x0'0365x(f —20) **400 ( 20- 15); whence t»iQ5'‘G. (nearly). 

7S. Heating ior Calorific) l^a/a«s of Fae/« i—“ The heating 
or calorific value of a sample of coal is 12000 B Th. U. per pound”— 
simply mSans that the heat given out by the complete combustion of 
one pound of coal of that particular sample is 12,000 B. Th. U. The 
heating value of any other fuel—solid, liquid, or gas—eau be simi¬ 
larly expressed. • 

For accurate determinations of calorific values of fuels, special 
fuel calorimeters such as the Bomb calorimeter, Bunsen's gas calori¬ 
meter, Junker gas calorimeter, ette. have been devised. 

Bomb Calorimeter— 

The calorific value of a solid or tliat of adiquid fuel is usually 
determined by the help of a bomb calorimeter. 

A small quantity of the fuel (powdered if solid) is taken in a 
crucible and placed inside a steel vessel, called the bomb. The bomb 
is provided with a gas-tight lid and is filled with Oxygen at high 
pressure to ensure complete combustion of the fuel The bomb is 
immersed iii water contained in an oat<;r vessel which acts as the 
calorimeter. The calorimeter is carefully insulated so as to prevent 
any heat to leak away from it. The fuel is fired by means of a wire 
placed in contact which is heated to red heat by passing electric 
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cfurrent. The heat of combustion is taken up by tho calorimetric 
liquid whose initial temp, and the maximum temp, attained are 
noted by means of a sensitive thermometer, say a Beckmann thermo¬ 
meter. Knowing the water equivalent of &e calorimeter and the 
bomb, and the mass of water used as the calorimetric liquid, the 
amount of heat produced by combustion is calculated whence the 
calorihc value of the fuel is determined. 


yf9. ^ecific Heat of a Liquid :— 

(a) By the Method of Mixtures. —^The method is the same as 
Regnault's method as explained in Art. 76. An auxiliary solid, 
which is not chemically acted on by the liquid and whose specific 


heat is known, is to be taken. Using the same notation as in Art. 
76, we have, by the principle of, loss of heat equal to gain of heat. 

That is, »i 


[JVote—The spectfic beat of a hquid can also be deterinmed by mixing it 
with a known quantity of water, but this method is nor applicable when there 
» any oAemtoof action between them, or when they do not mix well.] 

(b) By the Method of Cooling :— 

The method is based on ‘Newton's Law of Cooling’ which 
states that the rate of loss of heat by a body is proportional to the 
mean difference of temperature between the body and iu surround^ 
ings. If a hot liquid is kept in an enclosure at a lower temperature, 
its rate of loss of heat must therefore, depend on (?) the temperature 
of the liquid, {ii) temperature of the enclosure, and {lit) area of the 
exposed surface, and nature and extent of tho surface of the contain¬ 
ing vessel If ^ese conditions are identical for, say, two different 
liquids, their rates of loss of heat will be equal irrespective of the 
natures of the two liquids. 

£xpt.—Half fill a calorimeter with the given liquid warmed to a 
temperature, say, 70*C., i.e. sufficiently above the room temperature. 
PlcM^ the calorimeter on a non-conducting support. Stir the liquid 
well and note the time taken by the liquid to fall through a certain 
range of temperature. Repeat the. above expt. by taking an equal 
volume of water initially at the same temperature in the same vessel 
so that equal surfaces are exposed to air and to the calorimeter. 2'hus 
the two liquids are allowed to cool under similar circumstances. 
Stir weE Note the time taken by the water to cool through tlie same 
range of temperature. 

Calculation :— 

Suppose, mass of liquid taken— 

„ „ „ water „ 

„ water equivalent of calorimeter and stirrer— W. 

Time taken by liquid to cool from 0ito^2'=<i sec. 


Bpeoifio heat of the liquid^» a. 



» • 
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Rate of loss of heat of liquid and calorimeter*®^—'^ ®i£i 

and rate of loss of heat of water and calorimeter** "■ ^a )» 

<2 

The coriditions of cooling being identical^ the two rates of cooling 
are equal That is, 

{w^+ W) {$i -g2) _ (m+F) (^ 1 -^ 2 ) 

^1 h 

or, s= ' . • 

w, t 2 to 

Note that the rates of Joss of heat are equal and not the rates of 
fall of temperature. 

For a fuller discussion of Newton's law of cooling, read Art, 155 
Chapter VIII. 

Example$ — {1) 200 gnu of wcOeratOS’^C.aremixedmOi 200 e.e, 0 /milk pf 
dentity J OS at 30°O. contained in a bract veotel of thermal capacity equal to that of 
8 gme,afujater,and1^etemperatwe of tke mixture ie 64 0. FMthe §p. ht of 
mtlk. - (C. V. mS) 

Wt. of milks*(200x1*03) gm«.: heat lost by watcr=:200(98 - 64) calories. 

Heat gamed by milks* {MOXl*03)Xa(64—30), where «=*8p. ht. ol milk 
Heat gained by brass vessels8 (64 —30)} *. 200 x 34={(200x 1*03X#)-f-8}34. 
Hence <=093 (approximately). 

(2) Three %u»d< of equal weighte are thoroughly mixed. The epecifie hea te of 
the liquids are »i.eg e^, and their tempera^res t^'^^ and tg°, respeaipeiy. Find 
the temperature of the mixture. 

Let T^ be the temperature of the mixture of two of the liquids having specific 
. heats <x. <a> and temperatures < 1 °, respectively. Then, if m be the mass of 
each liquid, and T > we have, 

m. <, {T-ti)lMm. 9i{tt-T) ; or, ; or. T=*J*l±!fS^ ^ ( 1 ) 

»i+<a 

Now, mix the third liquid and let Ti be the final temperature which is 
greater than 3* but less than < 3 , then we h|ve tweilTi- 2 ’}-i*m<g( 2 ’j—T)atm 3 , 

or, 3*x(ej-}-<j-|-*3)=**a^a*i“^(*i'+'*s) (<!+<*) from (1) 

(»x*r**) 

■**8*a+***»+»i<i; whence 

*XT*aT** 

{3) The epe^fie graoUy of a certain liquid ie 0‘8, that of anther liquid 
it OS. It UfouM that the heat capacity of 3 litree of thefiret is me come ae ^saS 
of 2 litree of the eacond. Con^paare their epemficheate. (Pat, 1926) 

Volume of the first Iiqutds"3000 c.c. ; mass of the first liquid»3000x0*8 
s*2400 gms. Volume of the second liqaid»«2000 c.c.} mass of the second 
liquid=2000 K 0*5=:1000 gms. 

Heat capacity of the first liquid, 0xs*24OOx<x (where e^wsp. ht. of the 

t*_ r^i e>ka Imnin. am IfW^ m _ 


first liquid); heat capacity of the second liquid, 
ht. of the second liquid). 

Wehave.Hx-H|. .*. 2400xfj=1000x«*. 


1000x<t (where Og aip. 
5 


^1000, 

‘ 2 m' 


22 
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(4) A misawrt ef S kgnu. of tw» liquids A and B is hsatsd to 40^0. and Ihsn 
inixedv>ith6kgms.ofmUsr(d7‘67°Q. Tks rssuUani tsn^ature is 10^0. Ifths 
speoi^ hsat of A is 0‘12J2, that of Bis 0’O746, find the amount of A and B in 

mkOure, 

Let 9 > be the amount of A, and y, the amount of B, then S'l-yaiS kgms. ...(1) 

Heat loit bjr X kgms. of .d—tox 1000 x 0'1212 x (40 -10) calories. 

Heat lost by y kgms, of B=y X 1000 x 0*0746X (40—10) calories. 

Total heat lost by the mixcuie<»(3636»+2'23Qy)Xi000 calories. 

Heat gained by water^XlOOOX (10-7'67)» 13980 calories. 

Hence, 2te36a!’»'2238y-139^0; But »a5 - y .from (1). 

3636(5—y) +2238y »13980; from which y =:3*0043 kgms. 

»=5 - 3*0043* 1*9957 kgms. 

80, Specific Heat of Gases : —^When heat is applied to a gasj 
the rise of temperature may bo accompanied by an increase of. 
pressure, or volume, or both. It may, however, be so arranged that" 
while temperature rises either the pressure or the volume remains 
constant. In the case of a constant pressure air thermometer (Art. 
49), the pressure is kept constant while the volume increases with 
the rise of temperature. In case of a constant volume thermometer, 
the volume is kept constant while the pressure increases with the rise 
of temperature 50). Therefore when the mass^,of a gas and the 
amount of heat taken to raise its temperature through a certain 
range are known, the specific heat of the gas can be calculated at 
constant pressure, or at constant volume, as the case may be. 

The Specific heat of a gas at constant volume (C«) is the 
amount of heat required to raise the temperature of unit mass of the 
gas through i°, the volume being kept constant. 

The Specific heat of a gas at constant pressure (C>) is the 
amount of heat required to raise the temperature of unit mass of a 
gas through 1°, pressure being kept constant.* 

81. Gp is greater than Ce : —Suppose 1 gm. of a is taken 
which is to be heated through l^C. A definite quantity of heat will 
be required for the purpose when the gas is heated only but not 
allowed to expand, i.e. when thf, volume is kept constant and the 
pressure increases. Again, if the gas be heated and allowed to expand 
at constant pressure, t.e, when'the pressure is kept constant and the 
volume increases, heat is necessary not only to raise the temperature 
of the gas, but also for the reason that the expanding gas does some 
work against the sTternal pressure while in the first case no such 
work is done. Thus, at constant pressure, in addition to the heat 
required to raise the temperature through I'^C. at constant volume, 
some additional heat must be necesBary to supply the energy for the 
work done during expansion against the external pressure. Hence, 
ike specific heat of a gas at constant pressure {Cp) is greater than 

specif heat at constant volume (6%). It is found that the ratio 
of the specif heat of a gas at constant pressure to that at constant 

* For the cxpetlmeatal determination of the sp. beat of a gai at constant ^ 
pmeaBUtn and also at conatant , volume, read Art. 80(A) under Heat in the 
•*^Adiiional Volume** of thia book. 
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volume, which is ordinarily designated by 7 {t.e. y=Cp{0,)is equal 
to T41 in the ease ofAi'-atomic gases, like oxygen, hydrogen, nitrogen^ 
air, etCn T67 for mono-atomic gases, while it is equal to T33 for 
trinztomic gases* 

KB. For solids and liquids, Cp and Gp are practically the same* 
because, on heating, expansion in volume is very small. 

82. To show thea — 

The specific heat of a gas at constant pressure [Cp) is greater than 
the specific heat at constant volume ((?*) by an amount of heat 
V equivalent to the external work done by unit mass of the gas when it 
is heated through 1° at constant pressure. 

Let us take o^e gram of a gas at pressure P* dynes per sq. cm. in 
a cylinder fitted with a piston having a cross-section A sq. cms. Then 
the force on the piston=s=Po..4 dynes. Suppose the gas is now heated 
at constant pressure through rC. due to which the piston moves out¬ 
wards through a jjistance x cms. So the work done by expansion 
force X distance=Po..4 X a: ergs. 

Now, the increase in volume of the gas for a rise of VG. = Axx c.c. 
Suppose the volume of 1 gm. of the gas at 0*0. and at pressure P- is 
F# c.c. Then, Axx=^ Vol273, by Charles' law. 

Therefore the external work done by one gm. of the gas for a ri«o 
of rC=PoX.4x:c=PoF<./273 ergs. ... ... 

But from the gas equation, P» V^ = KTo, where T„ is the absolute 
► temperature corresponding to 0 C. and is equal to 273. 

Kr‘P.Vo(To--PoVol273 ••• ... ( 3 ) 

Comparing (1) and (2), it is found that the external work done by 
1 gm. of the gas for a rise of temperature of 1°C. is K ergs, or KjJ 
calories. In other words, Gp—Ct^ J^J. 

If Gp and C, are taken for a gm.-m!Dlecule of gas, the gas cons¬ 
tant K will be represented by the universal gas constant P, and we 
have, Gp — Gt=^ BlJ. * 

83. Consequences of the high Specific Heat of Water 

From a table of specific heats it will be seen that mercury has a very 
low specific heat (0’033), which is one of the advantages of nain g 
mercury as a thermometric substance, because it will absorb only a 
very small amount of heat from the temperature bath and so can 
lower the temperature of the bath only slightly. Water has a higher 
spedfix heat than any other liquid or solid. So, a larger amount of 
heat is necessary to raise the temperature of a given weight of water 
through a certain range tiian is required by an equal wei|^t of any 
other substance and that is why water is not suitable as a thermo¬ 
metric liquid. Moreover, its specific head varies with temperature. 
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The sea is heated more slowly than the land by the rays of the snn, 
the speoifio heat of sea water being higher than that of land; so 
during mid-day, the temperature of me coast will be gi^ter than the 
temperature ot the sea, but after sun-set, the case will be just the 
reverse, because the sea cools more slowly than the land. For 
example, taking the specific heat of air to be 0*237, it is found that 
1 gm. of water in losing one degree of temperature would raise the 
temperature of l/0’237 gms {t.e.=4’2 gms.) of air through one degree. 
Again, because water is 770 times heavier than air, one cubic foot of 
water in losing one degree of temperature would increase the tempera¬ 
ture of 770 X 1*2 or 3234 cubic feet of air through one degree. IVom 
the above consideration it is clear that islands have a more equitable 
climate owing to the influence of the sea, which prevents the occurr- > 
euce of extremes of heat and cold, and so the sea is called a mode¬ 
rator of climate. 

The eflFect of the difference in the specific heats of sea-water and 
land manifests itself in the setting up of convection currents in 
nature, producing land and sea-breezes {vide Chapter VIII) 

Owing to its sp heat being high, water is preferably used in hot 
water bottles, foot-warmers and hot water pipes for heating pur¬ 
poses in cold countries. Moreover, it becomes less hot than any other 
liquid when kept in the sun. 

84^'^^xitent Heat ;-~It is found that when a solid substance 
fuses, ie. changes from the solid to the liquid state, it absorbs heat 
without rise of temperature. Similarly, a liquid during the process 
of solidification gives ont heat without fall of temperature. The hmt 
absorbed, or given out, per unit mass (1 gm. or 1 lb,) of a substance 
during change of state \i.e., say, from the solid to the liquid or from 
the liquid to ike solid state) at the melting point of the ^substance 
{Art 95), is knovm as the latent heat of fusion at that temperature 
which is a characteristic of the substance. 

The word latent means hidden ; that is, the heat which has got 
no external manifestation, sdeh as rise of temperature, is called 
latent heat, but when it raises temperature of the substance, it is 
called sensible heat. 

So, the latent heat of fusion of a solid may be denned as the 
quantity of heat required to change unit mass of the substance at its 
melting point from the solid to the liquid state without change of 
temperature. The same quantity of heat is also given out by unit 
mass of the substance at the same temperature in changing from the 
liquid state to the solid state without any change of temperature. 

latent Heat of Vaporisation. —Similarly, a liquid at its boiling 
point absorbs hast in or^r to be converted into vapour wi^out rise 
of temperature* This heat is absorbed only to bring about the 
of state. 
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The quantity of heat required to convert unit mass of a liquid ai 
its boiling point to the vapour state without change of temperature 
is called the latent heat of vap^orisation of the liquid at that 
demperature. 

The same amount of heat is also given out per unit mass of the 
vapour of the liquid during condensation at the same temperature. 

It has been found that 536 calories of heat are necessary to change 
one gram of water at 100”C. into steam without change of temperature. 
The same amount of heat is also given out by one gram of 
steam in condensing to water at 100 C. ; or, in other words, the value 
of the latent heat of steam is 536 calories. This value will be 
536 C.H.U. per lb. and in B. Th. U., (536x ?)^964’8 B. Th. U. per lb. 
^ 8S. Units of Latent Heat in Different Systems of Mea¬ 

surement^ :—^Thus the amount of heat required to convert 1 gram 
of ice at O^C. into water at 0"'C. is called the latent heat of fusion 
of ice, or t\\e latent heat of water at the value of which is 80 
calorics per gm. This is also the quantity of heat given out by 1 
gram of water at 0 C. in transforming to i gram of ice at O’C. 

If the thermal jinit be defined by using 1 lb. and as units 

(C. H. U.) and-*! lb. be used as the unit of mass, the latent heat of 
fusion of ice will also be 80 C.H.U. per lb. 

But in poiiiid-degre<‘-Fahrenheit units, the value must bo larger in 
proportion to the ratio of a degree C. to a degree F., i.e. 9 to 5. Hence 
the latent heat of ice in British Cher mil Units per /6.=(80 X 9)/5 =144. 

That is, for latent heats, the value in calories per gram must 
be multiplied by ^ to obtain the value in B. Th. CJ. per lb. 

latent kext of fusion of ice is 90” meau'^ that 80 calories of 
• heat are necessary to convert one gram of ice at 0°C. from the solid 
to the liquid state without change of temperature. 

Afotc—This explains why, in cold countries, the thermometer may 
stand at 0 C. in winter without any ice being formed on the surface 
of a pond. The water must lose its latent heat before it can freeze. 

86. Reality of Latent Heat The reality of latent heat may 
be shown by mixing 100 grams of watep at 80”C. with 100 grams of 
■water at OX)., when the final temperature of the mixture will be 40 C. 
But, if 100 grams of water at SO’C! be mixed with 100 grams of ice at 
<0°C., the final temperature will be O^C. All the heat given out by the 
hot water in coming to 0°0. will be used up to convert the ice at 0°C. 
to water at O^C. So the final temperature will be 0°C. 

Note. —The value of the latent heat of steam is rather high, and 
this explains why burns from steam are so severe. These boros are 
more painful than those from boiling water because of the heat given 
out by the steam in condensing. 

87. Determination of the Latent Heat of Fusion of lee s — 

Weigh a calorimeter and stirrer {w gms). Half fill it with warm 
water at about 5^ above the room tempemture. Weigh the calorimeter 
witii its contents again, whence the weight of water added is found 
i,m gms.) Note with a sensitive theroaometer the initial temp. Oi'C) of 

26 
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the water in the ealorimeter. A block of ice is broken into small frag- 
mente which are washed with clean water and dried by means of 
blotting paper. Get some of them and drop -them into the calorimeter 
holing them not with finger but with the blotting paper. Stir well 
ontil s]A ^e ice is melted. Note the lowest temperature attained by 
the mixture which should not exceed 5° below the room tern'- 
perature. Weigh the calorimeter and its contents again, whence the 
Wt. of ice added is found {M gms.). 

The gain qf heat takes place in two parts : (a) an amount of heat is 
necessary to melt the ice at O^C. to water at (f C.^ (b) a further amount 
of heat is required to raise the ice-cold water to 

Heat lost by calorimeter and stirrer) (/i — /g) cals., 

where 8=8p. heat of the material of the calorimeter. 

Heat gained by ice in melting and by ice-cold water in rising to 
cals, where X=latent heat of fusion of ico. 

-^g), whence 

Errors tmd Precautions. —(1) Fingers should not be used at 
the time of dropping the ice-pieces, for by so doing'somp icc will melt, 
and the melted ice, t.e. water, if added, along with pieces of ice, will 
appreciably aflPect the accuracy of the result. For example, if only 
OT gm. of water (and not ice) is added, there will be an error of 
OT X 80 or 8 calories of heat in the calculation, which amount was 
really absent. 

(2) The initial temperature of water is taken 5° above the 
room temperature and final temperature 5*^ below it in order that any 
gain of heat from the surroundings by the calorimeter after addition 
of ice may be exactly compensated for by the loss of heat due to 
radiation by the calorimeter before addition of ice tRumfords 
method of compensation). 

(3) The ice, during the process of melting, should be kept below 
the surface of water, and not allowed to fioa^ otherwise the portion 
above the water surface will absorb heat from the outside air, instead 
of from the water in the calorimeter, and the calculations adopted 
above wfll not apply. For this,* use a wiro-gauze stirrer. Care 
should be taken so that no water particle accompanies the thermo* 
meter while removing it 

Examples.—(i) Find the latent heat offueion of fee from the folUwing daia : 
Weijpi of the oaior<mstors=^0 gme ; tot. of eal.-{-wam^490 gme. 

Tomforatme of toateir {before foe ieput / temperature of mixtures:5'O. 

Weight ef oalorimeter+ioeasSlS gme, \ «p. heat of the colorimetermO'l. 

(0. u. ms) 

Let £ be the latent beat of fusion of ice,* mass of water-<(4^--60)a'^00 
gms. and maaa of iccai(618-^0)3sl58 gms. 

Heat lost by calmrimettv and waterss60X0'lX(38-5) +400X(38—5) cal. 

Heat required to melt 158 gms. of ice and to raise tbe temperature of the 
water formed to 5®C.s*158iri“l5S (5—0) cab 

A 158£+158 X 5»(38-5) (€+400) ; whence £-79*8 cals per gm. 
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(2) A lump of iron vteighinff 200 gmo. at SO^O. it placed in a vetttl oonktininff 
1000 gmt. of mater at O' O. What it the leatt quantMy of ice which hat to 6« added 
to reduce the temperature of the veetel to 0 0.1 {Sp. ht. of iron^O'llZ). (AH. 1920) 

Heat lost by iron in cooling to 0 C.»i:200x0‘il2x80a«1792 cal. 

The vessel containing 1000 gms. of water was foxtneriy at O^C. Now to 
absuxb 1792 calories of heat given out by the lump of iron, the mass of ice 
required = 1792/80=.24 j,ms. 

(3) Find the retuU ^ mixing equal maeeee of ice at—ItrO. and water at 60'^C, 

(All. 1916) 

Let m gm*. of lie be mixed with TO gms. of water ; m gms. of ice in rising 
to O'C. lrom—j.0 C. will require mxO‘5xlO»5TO calorics, (sp. ht. of ice=:0'5). 
Again TO gms. ol ice at 0 C. in changing to water at (TC. will require 80m 
caloiies. But the heat supplied by m gms. of water in cooling from bO'^C. to 0®C. 
IB only 60 to calories. Out of this amount 5 to calories are required to increase 
the tempeidttie of ice Irom—10 C. to O^C., and the rest, ».6. 55 to calories* can 

T 55 11 * ’ 

turn only—TO or m gms. of ice into water at 0°C. The xemaining.portion, 

OU ID 

• 5 

s.e. TO gms. of ice must remain as such. Thus, the result of the mixture is 
15 

11 5 

that patts of ice will be melted into water and -parts will remain as ice 
Id Id 

at 0°C7. 

(4) What wouldebe the final temperature of the mixture when 6 gmt. of iee at 
—10 0. are mtAd up with 20 gmt. of water at 30 <J. I The ep, ht. of tee is O'S. 

(O. U. 1926) 

Let the tinal temperature be t C. Heat gained by ice in going up to FO. from 
-10 C.=5 X 0 5 X (0- (-10) }-l-52i+5(l - 0). 

Heat lost by wattc»'<.0(30> t) calories. Taking Zr=80 units, 
we have, 25+5x80 + 51=20X1,30-*). t-7 O. 

(6) The epecijio gravity of tee it 0 917 ; 10 gmt. of a metal of lOO'^O. are 
immtrttd in a mixture of tee and water, and the volume of the mixture tt found to 
be reduced by 125 c mm. without change of temperature. Find the epectfia heat of 
the metal. (Pat. 192i) 

We know chat volume varies inversely as density ; so when V c.c. of ice is 
changed iiitei V' c,c. of water, we have, 

K'”0-917 ^ ' 0-917-5P gr. ofice)-r09 c.c. 

109 c.c. of ice becomes 1 c.c. of water (wt.=l gm.) at the same tem» 
pecature, or, in other words, 1 gm. of ice in melting is reduced in volume by 
0*09 c.c., and tins requires 80 calories of beat.* 

In the example, we have, the heat lost by the metal 

= lOxsx (100-0) cal.-a(lO0O.s) cal., ^s=sp. ht. of the metal). 

125 1 

The reduction in volume of the mixturcasl25 c. mm.= c.c. 

1000 8 


The amount of ice mclted=^ + 0-09 gm. 

8 1 » 


2S /2S \ 

The amount of heai- required to melt gm. of icc= / calories. 


By the example, we have 1000#: 


25X80 




25X80 


18 


16X1000 


« 011 . 


(5) What would be the retuU of placing ^\lbe.ef copper at lOOFQ. in contact 
with l| Ibc. of ice of 0 ° 0 . t (Sp. hi. of copper—0 '095 and latent keatof fueion of 

*»«79) (All. 1918) 
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4^ Ibi. of coppet at 100°C. in cooling to (TC. give out 4^X0*095 X100 ■>42*75 

m m 

pound'degtee °C. heat unite (C. H. U,) 

To melt one pound of ice at 0°C, 79 pound-degree C. heat units are required. 

/. The amount of ice melted by 42*75 heat units =42*75/79 sO'54 lb. 

•X 

Hence the amount of ice remaining unmeltcd*;:-—0*54 =0*96 lb. 

So the result is 0*54 lb of water at 0°C., and 0*96 lb. of ice at 0°C, 

B8. High latent Heat of Water : —The latent heat of water 
being high, the' change from water to ice or from ice to water is 
a very slow process, and during the time the change takes place, much 
heat is given out or absorbed. Had the latent heat of water been low, 
io) the water of the lakes and ponds would have frozen much sooner, 
thus destroying the lives of aquatic animals living therein, [h) Ice-’* 
bergs ou the mountains would have melted very rapidly on rise of 
temperature, thus causing disastrous floods in the nqighbonring coun¬ 
tries. The rise of temperature of a place is delayed by the presence 
of ice-bergs near it and so the climate of the place is greatly influenced 
by formations of ice-bergs in the neighbourhood. 

89. Ice-calorimeter : —^Thc fact that a certain quantity of ice 
in melting always absorbs 80 calorics of heat for each gm. of it has 
been applied in the construction of icc-calorimelers for the determina¬ 
tion of specific heats. 

Black’s ice-calorimeter. —In the simplest form of an ice-calori¬ 
meter as used by Black, a large block of ice is taken, a cavity is 

formed in it, and a slab of ice is taken to cover 
the cavity (Fig. 40). The solid (»/7gms.) of which 
the specific heat (s) is required, is weighed and 
heated to a consbmt temperature (rC.) in a 
steam-heater. On removing the slab, the water 
inside the cavity is soaked dry with* a sponge, 
and the solid is quickly dropped into the cavity 
and covered by the slab. The solid melts some 
ice into "water until its temperature falls to 
0"C. After a few minutes, the water formed in 
iJie cavity is removed by a pipette and the mass determined {m gms.). 

Heat gained by ice in melting td water at 0 C. 

as mL, where L is the latent heat of fusion of ice. Heat lost by 
the solid == w. s. t. 

mL^w.s.t. That is, 

m 

The method may also be used to determine the sp. heat fs) of the 
solid, in which case the value of L is to be ^sumed. 

Note. —^Though in this method there is no loss of heat by radia¬ 
tion, still it is not a very accurate method, for 

(a) the water formed in the cavity cannot be completely taken 
out; and 

during the time taken for dropping the solid inside the cavity 
some ice may melt by absorbing heat from atmosphere. 




- 


Fig, 40~Black’s 
Ice-calocimeter. 
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Example.—il litre of hot wator i» pcured intoaholoinabloehofieoatO^O., 
iohieh i$ immediatdy oIOMi hy a lid of ioe. Aftor a time the tohoh iefmntA to 
eontain a litre and a half of ice oold water. What wat the original temperakire of 
the water t * 

Let f‘C be the original temperature. 

Mate of hot water mass of a litre or 1000 c.c. of water** 1000 gms. 

Mass of ice melted "omasa of 500 c.c. of water»>*500 gms. 

Heat lost by water=1000 (t-0) cal. Heat required to melt 1 gtxt. of ice 
at 0°C. to water at 0°C. is 80 calories. 

Hence heat gained by ice =500 x 80 cal, 1000t=500 x 80 ; or, t=s40°C. 

90. Bunsen*s IcB-calorimeter i —gm. of ice at O^C. in melt¬ 
ing to water at O^C. decreases in volume by about 0 09 c.c. Bunsen has 

^ utilised this change of volume in the cons¬ 
truction of a very delicate calorimeter (Fig. 

41). A thin-walled test tube B is fused into 
a wider tube which is attached to a bent 
tube C, as shown in the figure. The otlier 
end of the bent tube is fitted with a cork 
Ti through which passes a fine capillary tube 
T of uniform boae having a scale S along 
its horizontfft part. The upper part of A is 
filled with pure and air-free distilled water 
and the rest of A and the oommunic,ating 
tube C with mercury. 

The apparatus is kept in a box, surrounded 
as completely as possible with melting ice. 

A mixture of some solid carbon dioxide and 

ether is placed m JV to freeze some of the watering, forming a sheath 
of ice round its lower part. Now some amount of water is introduced 
into i/, apd the calorimeter is allowed to stand for a long time until 
the whole of it is at 0 C., when the position of the mercury meniscus 
in T is read on the scale IS after it is steady. A small lump of metal of 
mass m at I C. is then juit into B. This melts some of the ice 
surrounding B and causes a contraction in volume, and the mercury 
meniscus found to move towards D? By knowing the area of cross- 
section {n) of the capillary tube, the specific heat s of tlie metal can 
be calculated as follows : * 

When the metal has cooled to 0"C,, the heat lost by it~w, .<?. t. 
c.al. This amount is sufficient to melt msilL gm. of ice, where L is 
the latent heat of fusion of ice. 

Now, 1*09 c.c. of ice becomes 1 c.c., i.e. contracts in volume by 
0*09 c.c, when turned into water whose mass is 1 gm. 

Now L calories of heat will melt 1 gm. of ice into 1 gm. of water 
at 0 C., i,e. will cause a contraction of 0 09 c.c. 

.. For a contraction of 1 c.c., the amount of heat required 

*^9 oaercury meniscus has moved a distance, say, d cm. 



Fig, 41—Bunsen’s 
Ice-caloiimeter. 
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the deci^ease in the volume is a X d, and for this, the amount of heat 
neoMsary 


^ ^ J ^ T 

-■^al. This amount has been supplied by the metal. 


msi' 


0*09 

axdxL 


axdxL 


If 8 is given, latent 


0-09 ^ 009xmx^ 

heat of fusion of ice can be determined by this method. 

Advantages and Disadvantages. —The disadvantage of this 
method is that if is difficult to sot up tbe apparatus, but it is advan¬ 
tageous for the following reasons-Ha) The arrangement is very 
sensitive ; {h) there is no loss of heat due to radiation ; (c) no calo¬ 
rimeter or thermometer is necessary ; ('/) the specific heat of a solid 
available in a very t^mall quantity can be determined by this method. 

Ezample!>.— (1) DOennine the $p«eifie heat of eilver from the following data : 
Wei^ of eiloer dropped =0‘92 gm ; Temperature ofaileer—98^C. 

Dietanee travelled by the mercury thread ~6 mm. 

Area of oroee-taction of capillary tube^l aq mm. 

The diminution in volume of the mercurv thread»*0*01 x0'6=0006 c.c. 
Therefore, from the above relation, we have a 

(2) 20 gma. of water at IS'^O are put into the tube of a Bunaen'a ice-calorirMler 

and Uie obaefved the mercury f^eai movea through 29 cma. ; 12 gma. of a 

metal at JOO’^G. are then plac^ in the water and the mercury thread mov*a through 

12 vma. Find the apeeijie heat of the metal. (All 1920) 

The heat given out by 20 gms. of water at 15’C. in cooling to O^C—20x15 
s:300 cab This produces a movement of 29 cms. of the mercury thread. 


of 12 cms. 


Heat required for movement of 1 cm. 
12X300 


300 , 

cat, 
29 


and for a movement 


29 


cal. This amount has been supplied by the metal, which 
ss:12 X100 X s, where a is the sp. ht. of tbe metal. 

12 X 100 X 0 = ^20^; or. s=: 2|=01 (approx.) 

(2) The diameter of the capUlary tube of a Buneen'a ice■ colorimeter ia 14 mm. 
On dropping into f^s inatrument a piece of metal whoae temperature ia lOO^’O and 
maaa II088 gma., the marcury thread ia*obaerved to move 10 crrui. Calculate the 
epeeifio heat of the metal ; given the foienf heat and denaity of ice to be 80 and 0‘9 
reepeotively (All. 1928) 

Mercury thread moves 10 cms.; hence the volume of the mexcuty thread 
-•V X (0 07)*X 10 c.c.«'0*049ir c.c. 

Maas of 1 c.c. of ice»«09gm. The volume of 1 gm. of ice»®l/09=»lTl c.e. 
But the volume of Igm of water = 1 c.c. The diminution in volume 
when 1 gm. of ice is melted, S.S changed into waterwTU-la*0‘ll c.c. Hence 

to produce a diminution of 0 019^* c.r., the mass of ice melted=:2^i~7 gm. and 




the beat required for this< 

V IJL 

This is equal to the beat given out by the metal, which asll’OSSXlOOX# cal. 


ll-OSSXlOOX*’ 


0049ir. 


Oil 


wan • — 0-049x 22x 80 

* • *"11-038 Xlobx0 11X 7 ~^ 


9i, Determination o( the Latent Heat of Vaporisation of 
Water i-^Take a clean and dry calorimeter (Fig. 42), and weigh it 
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’together with a stirrer made o£ the same material gms.). After 
'filling it with water upto about two-thirds, weigh it again whence the 
mass of water {m gma.) is obtained. The steady temp. (ti“0.) of the 
water is taken with a sensitive thermometer T inserted vertically. Boil 
some water in the boiler B, whose mouth is closed by cork through 
which a bent delivery tube A passes. The free end of the delivery 
tube is introduced into a steam trap which is really a water-separator. 
It is a wide glass tube open at both ends which are closed by steam- 
tight corks. The delivery tube 
extends well into the trap. 

Through the cork at the bottom, ^ 

two tubes pass, one a draln-ofP | t IP^ 

4kiibe C for removing the collected I • 

Tvater, and the other is an exit, fjQ 

being a straight tube D ending B ^ t ^^****' 

in a nozzle which* dips into the I / \ f d 

water contained in the calori- I j ® j Xl 

meter. The screen P protects the jj ^~ 

calorimeter from direct heating 

Bring the calorimeter under B 1 blLMifirf 

the exit tube I) such that the B 

nozzle goes well into the water 

in it. After some time take away ■.a nf a wL . 

the nozzle quickly and note Fig. 42 

the highest temperature [t°C.) 

attained by the water. Remove the thermometer and allow the 
calorimeter and its contents to cool. Weigh the calorimeter witk 
its contents again. The difference between the last two weighings 
gives the eftass of steam condensed (if gms). 

Calculation .— Let L be the latent heat of steam and 5, the sp. 
heat of the material of the calorimeter. Then, 

heat lost by steam in being cmdemed to water at fC. 
~j|fL+M.l. (100 —/) calories, assuming the temperature of steam 
-to be 100°C. and, 

heat gained by the calorimeter and its contents in being raised 
from tiC. to fa 

^{w.s+m^t-ti^. 

Assuming heat loss equal to heat gain, 

ML + kf(100 - w) {t -h). 

That is, 

M 


Errors and Precautions. —^If some part of ike steam is con- 
-densed before entering into the calorimeter, the value of L will be 
low. The steam-trap is used in order that any condensed steam may 
not pass into the calorimeter. Moreover, due ^ sadden absorption of 
' eteam by the cold water in the calorimeter, if any wftter, imom the 
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calorimeter is sucked back, it is arrested by the steam-trap add uok 
allowed to get into the boiler As a precautiou against condensation 
of the steam in passing along the delivery, tube and the steam-trap, 
both the delivery tube and the steam-trap should be carefully lagged 
with non-conducting materials like cotton-wool or asbestos. 

(2) To reduce the effect of radiation, the water in the calorimeter 
should be initially cooled a few degrees below the room temperature 
and steam passed till the temperature rises through the same amount 
above the room temperature {cf. Rumford's method of ciomponsation). 

(3) To protect the calorimeter from direct heating, a screen P is 
to be placed between the boiler and the calorimeter. 

(4) The temperature of the water-in the calorimeter after mixture, 
should not be allowed to increase by more than i5°C., otherwise much 
water (and therefore much heat) will be lost by vaporisation. 

(6) If the issue of steam is too rapid, some water may be lost by 
splashing. 

(6) The temperature of the steam should be det('rminod in each 
case and cannot be taken as 100"C. without pressure correction. 

92. Joly*s Steam CcUorimeter :—In 1886, Pi of. ^ Joly devised 
a very simple and accurate method of determinirig the specific heat 
of a substonce with a steam calorimeter by the condensation of 
steam on the substance. His apparatus [ Fig. 43 ] consists of a 
metal enclosure, A, called the steam chamber, into which steam 
is supplied through a tube T near the top, the exit tube K being ]>laced 
at the bottom. From one arm of a balance a fine vertical wire 
passes through a small hole II into the steam chamber carrying 

a small pan P at the lower end. The body H 
whose specific heat is required is placed on the 
pan P and its mass M is determined by placing 
weights on the oth«T pan of the balance. The 
temperature i of the body, that is, of the air in 
the chamber, is taken after ii is placed for some 
time inside Uic chamber A. Then steam is admit¬ 
ted into ’the chamber which condenses on the 
body and the pgm. The mass of water con¬ 
densed on the body and the pan is determined 
by placing weights on the other pan of the balance 
to counterpoise them. The final steady tempera¬ 
ture ti of the chamber is taken after steam is 
passed for sometime. The body is now taken out 
and the enclosure is allowed to cool down 
to room temperature when the pan is dried. 
Steam is again passed into the chamber when 
it ^jondenses on the pan only, and the mass 

Fig. 43--joly’8 /f /2 of the condensed steam is also determined 

Steam Calonmeter. before. Then the mass of steam condensed on. 
the body only is ( Wj -wia). 
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Now, if » be the specific heat of the body, the heat gained by 
it——<). Heat lost by steam in condensation over the body 
“(mi —wig) L, 1/being* the latent heat of steam. Then, we have, 

Ms{t\-t)={fn\-m^ whence 

m\t I - 1) 

It is clear from the above experiment that the latent heat of steam. 
L can also be determined, if s, the specific heat of the body is known. 

In order that steam might not condense on the suspending wire, 
tlie wire is passed along tlie axis of a small spiral J? of a platinum 
which is heated by passing an electric current through it. 

When the specific heat of a liquid is required, it is enclosed in 
a small metal sphere and the experiment is carried out as before. In 
this case the rnaSs of the sphere and the specific heat of the metal 
should be known for calculating the specific heat of the liquid 
contained in the sphere. 

For determiaing the specific heat of a gas at constant volume 
Joly modifitjd his calorimeter by susi>ending in the same steam 
chamber two hollow copper spheres of equal size from the opposite 
arms of the balance. One of the spheres was filled with the gas, 
while the other was exhausted. The mass of the gas is found out 
from tlio weights placed on the upper pan on the otlier side and the 
mass of steam condensed due to the enclosed gas is obtained by the 
difierenoe in weights of the steam condensed on the two pans after 
the temperature inside the chamber becomes constant. The calculation 
is made as before. 

Examines.—(i) Steam at 100 C. U allowed to paee into a v$$ael containing 
10 grame of ice and 100 grame of water at 0 (J.. until all the ice ie melted and the 
temperature ie raieed to S O. Neglecting water equivalent of the veeeel and the loae 
due to radiation etc. calculate how much eteam ie condensed. {The latent heat of 
eieam ie 636 and latent heat of water ie 80). ^ (O'. U. 1911) 

Lot m be the mass of steam condensed. 

Heat lost by 8team=!W*x536-)-m(lt)0—5) cal. 

Heat gained by ice and water* 10 x 80+10x 5+100 x 5 cal. 

Heat lost33heat gained. «»(536+95)*800+50+500 ; or, 2*13 gms. 

631 

{2) What wtU be the reeuUing temperature if 5 gme. of ice at O^C. are miwed 
with 1 gram of eteam at lOiTO t 

Let t be the resulting temperature. 

The heat required by 5 gms. of ice in melting to water at 0°C. and that 
required by 5 gms. of water in rising through <^C*3x80+5t. cal. 

The heat lost by I gram of steam in condensing to water at hOlTC. and then, 
cooling down to f’C.*lX536+l(100—1). 

Heat loit«heat gained. So, 536+ (100 -») =*5X80+5* ; or, *sss39*3'’C. 
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(3) A ecAorkmlitr leaUu^ aq^ivaitru i gmt. emiaifu 4 giiu. ofi9$ and 50 ffm. 

wat*r at i»A«* $t9em is pasgsd into th$ wdonmOw. Oahuhts hms utnon 

«|aom must oondsnss so that ths final tsmpsraturs ofths mixturs map bs 40^0. 

Suppose X gm. l>e tbe <vt. of steam condensed. The heat lost bs' it in craning 
down to 4(fC.=*X536+-*(100-40) cal. 

The heat gained by ice in first melting and then being raised to 40®C. 
«:4x804-4(40->0> cal., and the heat gained by water and calorimeter 
»4<40-0)+50(40-0). 

,*. The total beat gained by ice. water, and calorimeter. 

» 4 K 80+(4 +4+50) X 40 *2640 caL 

Hence afX5364-»X60 * 2640 i or. aX596 *2640 ; «*4*42 gms. 

(4) How 1 hUojram of water at 50''C. should be divided ao that ono part of it 

when turned into iee at OV, would by thie ohnnge of state, give out a guantUy of 
heat that will be auffioieni to vaporise the other part t {Latent heat of fee * 80 ealories ; 
latent heat of steam^bSO calories.) * 

Let 1 kgm. (or 1000 gms ) of water be divided into two parts <s and y, ol 

which the heat given out by x gm. when turned into ice, would vaporise y gm. 

We have »+y = 10(X). ••• ••• ••• — (i) 

c 

Heat lost by x am. of water at 50'’C. to form ice at 0®C. * 

« ' » »(50a!+80»)*130» calories. 

This amount will turn y gm. of water at 50®C. into steam, which will require 
'{(100-50)y + 536y> calories. 

Bence 130»*5S6y; but from (1), « = 1000-y} whence »*818'5 gms. and 
y *18T5 gms. 

93. Joteph Black (1728—1799);—An Irish scientist. He was 
bom at Bordeaux and had spent his childhood in France. He gra¬ 
duated from the Glasgow University and was awarded the doctorate 
of Medicine for his researches on the physiological effects of ‘quick¬ 
lime and caustic potash on the human body. He joined this university 
in 1756 as Professor of Analytical Chemistry. Here his name spread 
wide as an eminent teacher. James Watt, David Hume and Adam , 
Smith were the result of his inspiration. His outstanding research 
work relates to the absorption of energy during change of state. The 
term latent heat* is due to him, and he measured the latent heat of 
fusion of ice by means of a calorimeter, which bears his name. In 
1766 ho joined the Edinburgh University as Professor of Chemistry 
where he served till he died in 1799. 


Questions 

i Define calorie and “B Th. U." (C. U. 1951. *52; G. U 1949) 

State the relation between them. (G. U. 1949) ’ * 

% Dietinpiieh between the thermal capacity and the water equivalent 
•of a body, state the units used ha expressing them. (C. U. 1952, *53) 
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3. Define “specific heat”. How is the specific heat of a solid deteripined? 

<O.U.’4O/49;G.U.1940) 

Does the specific heat of a suhstaace depend on the unit of heat 
<5hosen ? (C, U. 1951) 

4 A brass weight of 100 gms. is heated so that a particle of solder 
placed upon it just melts. It is then put into 100 c.c. of water at 15®(7. con¬ 
tained in a calorimeter of water equivalent 12. If the final temperature of 
vhe water is 85''0., what is the melting point of the solder ? (Sp. ht of brass 
*0'88) (Pat. 1935) 

IAm.: 280W] 

5. A holy of mass 100 gm. at 120®C. is plunged into 800 gm. of water at 
20'*0 contained in a copper calorimeter of mass 50 gm The final tempera- 
Jure attained is 30'’n. Find the sp, heat of the material of the body (sp. 
fJieat of oopper=0'09). 

[Ans.: 0-343 

6. An alloy consists of 92% silver and 8% copper. Calculate the final 
temperature when 50 gms of the alloy at lOO’O. arc mixed with 50 gms, of 
oil of specific heat 0 16 at 20’C. (The sp. heats of copper and silver are 
D 096 and 0 05C respectively) 

lAnt.: -JO-lT..], 

7. Define u'nit of heat capacity for heat and specific heat. A piece of 
iron weighing 100 grams is warmed through lO^’C- How many grams of 
■water could be warmed 1°C, by the same amount of heat 7 The specific heat 
of iron is 0 10. 

(Ana ! 100 gms.] 

8 Describe how yon can measure the temperature of a furnace by ap¬ 
plying calorimetric principle. (Pat. 1929) 

9 A ball of platinum, who.se mass is 200 gms. is removed from a furnace 
and immersed in 168 gms of water at QPC. Supposing the water to gain all 
the heat the platinum loses and if the temperature of the water rises to SO'C., 
-determine the temperature of the furnace. (Sp. ht of platinum«s0’0Bl). 

[Ana.: 770*3'0.3 (C. U. 1936) 

10. The calorific value of coke is 13.nQ0 British Thermal Units per pound. 
Find the minimum amount of coke which would have to be burnt in order 
to heat 80 gallons of water from 60'*F. to 13(fF for use in a bath (1 gallon 
■of water weighs 10 lbs ). 

[Ana. I 21/13 lbs.] * 

11. If 90 grams of mercury at lOO'C. be mixed with 100 grama of water 

at 20°C.. and if the resulting temperature be 23“C., what is the specific beat 
-of mercury 7 (C. U. 1926) 

[Ana.! 0 0285] 

12. 10 gms. of common salt at 91*C. having been immersed in 126 gms. of 

oil of turpentine (Sp. ht. 0 428) at 13®C-« the temperature of the mixture is 
1B°C.; supposing no loss or gam of heat from without, find the specific hott 
of common salt. Can you do this experiment with water instead of tur- 
|)eDtine ? (C. U, 1938) 

[Ana. i 0'214] 

18. The temperatures of three different liquids A, S, and 0 are • 24’(7, 
And 84V. respectively. On mixing equal masses of A and B, the temperature 
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of the mixture is 3VC. Sapposine equal masses of A and 0 were mixedt 
what would be the temperature of the mixture ? (Pat. 19B5> 

[Am. : 29 6®0. nearly] 

14. A copper calorimeter weighing 10 gms. is filled first with water whose 
weight is 7*8 gms., and then with another liquid whose weight is 8 7 gms; 
the times taken in both cases to cool from 40®C. to SyC. are 85 and 75 seconds 
respectively. Taking the specific heat of copper to be 0095, calculate the 
specific heat of the liquid. 

[4n#.; 07275] 

15. A calorinleter whose water equivalent is 10 gms , is filled with 50‘ 

gms. of water at 80°C., and the time taken for the temperature to fall to 75®C 
18 4 minutes. When filled with another liquid, the weight being 40 gms. 
the time taken for the same fall is 130 seconds. Find the sp. heat of the 
liquid. (U. P. B. 1947) 

[Am. ; 0 5625) 

16. A calorimeter, whose water equivalent is 5 gms, is filled with 25 
gms. of water. It takes 4 minutes to cool from 25°C’. to 17°C. When the 
same calorimeter is filled with 30 gms. of liquid it takes, 180 secs, to cool 
through the same range. Calculate the sp. heat of the liquid. (R.tJ, 1953) 

[Am. : 0*58]. 

17. Supposing you wore g^ven a thermometer reading only from SO^C. to 

lOO^C., and some water of which the temperature w’as below 20"C., describe 
an experiment showing how, without using another ’thermometer, you 
could determine roughly the temperature of the water. IC. IT. 1953)' 

[Hints .—Take some water in another vessel whose mass is a little greater 
than that of the quantity given. Boil this water ; mix the two. and note 
the resultant temperature by the given theruioineK r which will be a 
little over 50'C. Let m he the mass of cold v aier. e ns temperature, and 
m'the mass of hot water; then we have, m* Hence 

calculate 8] 

18. Describe how the specific heat of a liquid is determined by tlie 

method of cooling. (U. P. b. 1947 ; R, U. 1949) 

19. Account for the difference between the specific heat of a gas at cons¬ 

tant volume and that at constant pressme ; and find the difference between 
them. (All 1931: cf 1944. ’46; R. U. 1951) 

20. Distinguish between specific heat of a gas at constant pressure and 
that at constant volume. 

21. How w'ould yon show th'at the specific heat at constant pressure is 

' greater than the specific heat at constant volume ? (R. U. 1948) 

22. Deduce the relation J(Cp—Cv)—It, where the symbols have their 

usual significance. (R- D. ; M. B. B. 1952) 

23. ’‘Water has a higher specific heat than any other liquid or solid’' 

How will this fact afiect (a) determination of temperature by a wate*^ 
thermometer over ranges for which its use is permissible, and (6) the 
climate of islands and places on4;he sea-coast ? (Pat. 1931) 

24. The latent heat of water is 80 calories. By what number will the 

latent heat be represented if the pound is taken as the unit of mass 
tem]»eratiires are measured on the Fahrenheit scale ? (Pat 1931) 

[4n«.: 144] 

25. What is meant by the statement that the latent heat of steam is 536 f 

What number will represent the latent heat if the unit of mass is a pound 
and temperatures are measuljed on the Fahrenheit scale 7 (Pat. 1941) 

[4n«,: 964’8] 
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26, Oa what factor does the latent heat of a substance depend ? If the 
-calorie be defined as the quantity of heat required to raise the temperature 
of one pound of water through one degree Fahrenheit, what whould be the 
value of the latent heat of vaporisation of water m such calories, if its 
value in the gramme-centigrade system is 580 ? (Pat. 1931) 

{Ant.: Value of latent heat in units as defined *580x-=1044.] 

5 


27. Explain the meaning of “latent heat”. (C. U. 1909, *13. *17; Pat 1918) 

28. Find the result of mixing 2 lbs. of ice at 0'‘C. with 3 lbs. of water 

at45‘’C. (C. U1931) 

[fiints.--The amount of heat given out by 3 lbs. of water at 45'C. in 
cooling to O’C =3X45 = 135 pound-degree °C. heat-units ; and 80 such heat- 
units are necessary to melt 1 lb. of ice. So the amount of ice melted by this 
135 

quantity of heat =gQ =r69 lbs. The result is (3+169) or 4‘69 lbs. of 


water at O^C. and (2—1 69) or 0 31 lb. of ice at 0 C.] 

29. Dry ice at 0''C. is dropped into a copper cau of 100°C.. the weight of 

the can being 60 .grammes and the specific heat ol copper 0‘1. How much 
ice would reduce the temperature of the cau to 40^C. ? (C. U. 1924) 

[Am. : 3 grams,] 

30. What would be the final temperature of the mixture when 5 gms. of 

ice at—10“C. are mixed up with 22 gins, of water at 30’C. V The sp. ht. of 
ice is 0-5. . (C. U. 1926; G. U. 1949) 

f^na.: 7°C ] 

31. Some ice is ])laced in a glass vessel held over a spirit-lamp nud melts 
to water at 0°C. in 2 lumutes ; how long will it take (o) before it reaches 
the boiling point; (6) before it la all boiled away, assumiug there is no 
escape of heat ? 


{Ana .; (o) 2^ min.; (ft) (2^+13^) min.] 
2 2 5 


32. A ball of copper of mass 30 gms. was heated to lOO’C. and jilaced in 

an ice-calorimeter. In cooling down it evolved sufficient heat to melt 3‘54 
gms of ice. If the latent heat of fusion of ice is 60, what is tlu* specific 
heat to copper ? (Dac. 1937) 

[Ana. I 0-0944] 

33. Explain how the specific heat of a solid may be determined by 

means of the ice-calorimeter. (C. U. 1914, ’15 ; Pat. 1943) 

34. Describe Buusen’s ice-calorimeter. Explain its use in determining 
the specific heat of a substance. What gre the merits of the method ? 

(R. U. 1949. ’52) 

35. A spherical iron ball is placed on £ large block of dry ice at 0'’C. into 
which it sinks until half submerged. What was the temperature of the iron ? 

(Density ot iron=7‘7 gm./c.c.; density of icea«0-92 gm/c.c.; sp, heat of 
iron = 0-12; latent heat of fusion of 106=80 calories per gm.) 

[Ana. : 39'8''C.. neglecting heat lost by radiation]. 

3b. If a gramme of ice at 0°C. contracts by 0*091 c c., calculate the sp. 
heat of the substance when 40 gm, at 60°C. dropped into an ica-calorimeter 
cause a change in volume of 0'273 c.c. (latent heat of fusion of ice=80 
C4i /gm ) (Rajputana. 1948) 

[Ana.: 0*1] 

37. A substance was heated to 100°C. and 0*8 gm. of it is dropped into a 

Bunsen’s ice-caloiimeter, due to which the thread of mercury in the 
capillary tube of 1 sq. mm. section moved through a distance of 6’9 mm. 
Calculate the specific heat of the substance (given that 1 gm. of water on 
freezing expands by 0‘091 c.o.) (qf. Nagpur. 1952) 

[Ana.; 0 0758] 

38. Describe any method of determining the latent heat of steeun in the 
laboratory. State tne precautions that should be taken. 

(C. U. 1931; All 1918; Pat. 1935. ’49; Dac. 1921) 
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^ vesael. weighing 190 gms., containing 300 gms. of water afc 

O^C. and 50 gms. oi ice at 0°C. Find the quantity of steam, at 100°C., that 
must he passed into the vessel to raise its tempecatute and that of its con¬ 
tents to 10“C. (Pat. 1949) 

Sp, heat of^pper=01; L (steam) = 537 cals./gm.; L {ice)-f0 cals /gm. 
lAna : 12’Z7 gms.] 

40. Into a calorimeter containing 175 gm. of water and some ice, steam 
of mass 10 jim. and temp. 100®C. is passed. The temperature of the contents 
rises to 10 C. If the water equivalent of the calorimeter is 5 gm, calculate 
the mass of ice initially present, ((riven latent heat of waters=^ cal./gm.; 
latent heat of 8team=540 cal /gm.] (Andhra, 1952) 

[Ana. 50 gm,] 


41. A copper ball 56 32 gms. in weight and at 15X. is exposed to a stream ^ 
of a dry steam at 100'C, What weight of steam will condense on the ball» 

temperature of the ball is raised to it0®C. ? (Sp.ht copper* 
01)93, Latent heat of 8team»536 cal.) (l)ac. 1928) 

[Ana.: 0*83 gm.] , 

42. Alcohol boils at 78"C., its latent heat of evaporation is 202 cals/gm. 

and its mean sp. heat when liquid is 065. Calculate the least quantity of 
water at 10‘^C. needed to condense 100 gm. of alcohol vapour at 78‘C. into 
liquid at IS^C. (Utkal, 1954) 

(Am. ; 4859 gm.] • ^ 

43. A copper vessel of water equivalent 60 gms. contains 600 gms. of 

water at 30*C, A bunsen burner, adjusted to supply 100 calories per second 
is used to heat the vessel. JNeglecting all losses, calculate (o) the time 
req^uired to raise the water to boiling point, and (^) the time required to 
boil away 50 gms. of water (latent heat ot steam«540 cal ] (C. U. 1952) 

[Ana.: (o) 7 min. 42 sec.; (6) 12 min. 12 sec.] 

44. Describe Joly’s Steam Calorimeter. How will you use this insti'u- 
ment to lind the specific heat of a gas at constant volume ? 

(Nagpur, 1950 ; Rajputana, 1945, ’49 ; U. P. B. 1952> 


CHAPTER VI 

CHANGE OF STATE 

94. Fusion and Solidification : —^When. a substance changes 
from the solid to the liquid state, the process is knownaa 

and wheu it changes from the liquid to the solid state the process 
is called freezing or solidificaiion. 

95. Melting f^oint -For every substance there is a particular 
temperature at which it changes from the solid to th^ liquid state 
at a given superincumbent pressure. This fixed tenaperature is 
Icnoi^ as the rMlting point oi soKd. It remains constant throvgh- 
out the process of melting^ t.$, the temperature remains constant until 
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the whole of the solid is melted, if the pressure on it remains cons¬ 
tant, although heat is applied all the time. The temperature will rise 
only after ihe last pai'ticle of the solid has melted. The w^Hvng 
Tpoint is different for different substances and for each substance it 
slightly varies when the superincumbent pressure varies. 

Similarly, during the process of solidification at constant pressure 
temperature remains constant until the whole of the liquid is solidi¬ 
fied, although heat is withdrawn all the time. The temperature will 
begin to fail only when the last drop of the liquid has solidified. This 
fixed temperature is called the freeing point or the soMification 
temperature of that particular Uquid and is diflerent for different 
liquids and slightly changes with pressure. It is the same as the 
melting point of the substance. 

The normal melting point of a substance is a definite iempeta- 
iure at which ii melts or solidifies at a pressure of one atmosphere* 

If the cooling process be continued very slowly and without dis¬ 
turbance, then many liquids can be cooled below their normal solidi¬ 
fication temperature. This phenomenon is known as supercooling, 
or super-fumon or suriusion and the liquid in this condition is called 
a supercooled liquid. This conditon is not stable, for if the liquid is 
disturbed, or a particle of the substance in the solid form dropped 
into the liquid, solidification at once begins and the temperature 
quickly rises to the solidification point. The phenomenon is a 
delicate one and is possible only if the liquid is absolutely i)ure and 
free from any suspended foreign matter. 

The amount of heat given up by a substance in solidification is 
equal to the latent heat of fusion. In the case of watfr every gram 
of it must give out 80 calories before solidification takes place at 
0°C., and for this reason water does not freeze at once when cooled 
down to O'C. Conversely, every gram of ice must absorb 80 calories 
at O'C. before fusion takes place. For other substances the value 
of the latent heat is much, smallef. So water can be called a store¬ 
house of heat. For example, 1 cu. ft.*of water weighs fi2’5 lb.s. which 
in freezing, gives up 62'5x 80 = 5000 O.H.U. of heat, which, again, 
can raise 50 lbs. of water from the fret zing point to the boiling point 
(50X100=:= 6000), 

96. Viscous State :—Some substances, solid at ordinary tem¬ 
peratures, such as iron, glass, pitch, wax, etc. have got no definite 
melting point. They gradually change from the solid to the, liquid 
state passing through a plastic or viscous state intermediate btUween 
solid and liquid. This state may extend over a considerable range of 
temperature depending on the nature of the substance. Jlgain, some 
substances, liquid at ordinary temperature, such as glycerine, acetic 
acid, and also some other organic acids and oils, pass through the 
intermediate wscowa state in changing from the liquid to the solid, 
state. Such liquids have no fixed soUdification temperatures. 
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9T. Sublimation ;-»Sonie substances, such as camphor, iodine, 
-arsenic, sulphur, etc. change directly from the solid to the gaseous 
state without passing through the interme(Kate liquid state. They 
are called volatile substances^ and such change of state is known 
as sublimation. Ice and snow also sublime slowly even when below 
the freezing point 

98. Change of Volume in fusion and Solidification :— 

Most substances - increase in volume by fusion, but a few substances, 
such as ice, cost iron, antimony, bismuth, brass, etc. contract on 
melting and expand on solidification. In the first case, the solid sinks 
in the resulting liquid while in the other, the solid floats on the 
corresponding liquid. A lump of cast iron floats on the liquid metal 
just as ice floats on water, and it is for this reason that these metals ' 
can be used for sharp castings, since on solidifying they must expand 
and fill up every nook and corner of the mould. 

It has already been stated in Art. 271. Part I, that on freezing, the 
volume of water increases by about 9 per cent., i>.e. 11 c.o. of water 
at 0*0. becomes 12 c. e. of ice at the same temperature, and so ice 
'floats on water with 14 of its volume below the surface of water and 

above it. Thus, the volume of water formed by the melting of 
icc is less by rath of the volume of ice. 

A great force is exerted by the expansion of water on freezing, 
which sometimes may cause great trouble. It does a good deal of 
damage by bursting water pipes in cold weather and by the splitting 
of rocks and soils, etc. On the other hand, the effect would have 
been still more disastrous if water would contract on freezing, as in 
that case ice formed would liave been heavier and so would sink to 
the bottom of lakes or ponds and soon the whole mass of water 
would transform into a solid block of ice, and thus all aquatic 
animals would ultimately perish {vide also Art. 41). 

Again, ice is a poor conductor of heat. In cold countries, when 
the surface of any lake or pond is frozen into ice, the ice prevents 
the flow of heat from the water below to the space above which 
is at a temperature lower than O^G. So however severe the cold 
may be, water cannot freeze below a certain depth. Even in regions 
near the North Pole, the thickness of ice formed on the ocean reaches 
only about 4 or 5 metres, and this thickness changes by only a metre 
or two during the course of a year. 

On the other hand ice, once formed, melts only slowly by the 
sun's rays which must supply the latent heat required for melting. If 
any latent heat of fusion were not necessary for the melting of ice, 
ice and snow would melt very rapidly, and disastrous floods would 
res-nH. 

In summer water formed at the surfade of ice being heavier sinks 
down and a fresh surface of ice is always exposed to the sun which 
‘Ihelps in melting more. Thus flie expansion of water on solidification 
serves two purposes ; it prevents accumulation of much ice in winter 
. and also helps the melting of ice in summer. 
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99. Determination of the Melting Point of a Substance •— 

Two metho^ are given below for the determination of the melting 
•point of a solid like naphthahno (which expands on melting and 
•contracts on solidifying.) ^ 

(i) poling Curve Method.— This method is used when an 
appreciable quantity of the substance is available. Put the substance 
in a test tube and melt it by heating in a water bath. Place a thermo¬ 
meter m the liquefied substance, take the tube out of the bath dry its 
outside, surround it by a large vessel to protect it from air currents 
^d take reading at intervals of one minute as the cooling proceeds! 

The reading will renMiQ constant during th(! process of solidification 

after which It will fall fake temperature readings until, sometime 
%rtor, sohdihcation is observed to be complete. 

Now, plotting a graph with time and tcmi)erature, a jiart of the 
curve will be seen to be parallel to the time-axis, l^he temperature 
com^ponding to fliib part is the molting point of the bub^tance, 
and Fig. 44 IS the geueral form of the cooling curve for a pure M'ngle 
chemical substance like naphthaline. The part which is parallel 
to the time axis shows no variation of temperature with time, 
and it corresponds to a purely 
liquid state, and the jiortion below 
this represents the solid state of 
the substance. 

[N.B If the substance is 
heated and a heating curve (time- a, 
temperature curve) is plotted in a 5 
similar way as above, the graph u 
will rise first and tlien a part of a 
the curve will remain parallel to ^ 
the time-axis, and then it will rise ^ 
again. The horizontal parts of the 
cooling curve and the heating 
curve will be almost coincident • 
if the substance is a pure single lime 

substance.] ^ — Cooling Curve. 
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Fig. 44—Cooling Curve. 


In the melting point curve of jf substance which is a mirture of 
different substances, such as paralfin wax, or any fat, solidification 
takes place over a range of tempereture, and there is no definite 
melting point. ( The melting point curves for a mixture of substances 
have several horizontal steps corresponding to the melting points of 
the different constituents.) For substances like glass, sealing wax, etc. 
there is no abnipt change from the solid to the Hquid state and they 
remain plastic over a range of temperature between the solid and the 
liquid state. As glass remains plastic over a wide range of temperature, 
so it can be worked and moulded. After taking a sharp bend, as in 
Fig. 44, the slope of Bic curve in these cases changes continuously and 
does not become horizontal, that is the thermometer-readings do not 
Jtemain constant for several minutes. 
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(fi) Capillary Tube Method. —This method is used when 
only a small amount of the substance is available. Heat a piece of 
glass delivery tubing in a blowpipe flame and quickly 
draw it out, when soft, to lorm a capillary tub¬ 
ing of about i ram. diameter and with very thin 
walls. Take about 10 cms. of this tube (J). Melt 
some naphthaline, suppose, in a dish and suck up 
about 4 cms. length of it into the capillary tube. 
Now, seal off the lower end of the tube, and attach 
it by a thin baud to the bulb of a mercury ther¬ 
mometer Tf which is mounted so that the bulb 
and the tube dip into a beaker of water with the 
top of the substance just below the water surfaqe 
(big. 45). Now carefully heat the water stirring it 
all the time. After some time, the opaque solid will 
change to a tninsparent liquid on melting ; note this 

Fig, 45— temperature. Now remove the burner and allow the 
Capillary Tube. liquid VO cooJ, stirring the water all the time ; note 
the temperature when naphthalene becomes opaque, t.e. it solidifies. 
The mean of these two temperatures gives the melting point of the 
substance. Kepeat this experiment two or three times so as to get a 
very good result. 

Note. —Generally the temperature at which a solid melts is the 
same as that at which the corresponding liquid freezes. But for certain 
fats like buUeVy this is not the case. For example, butter melts at 
about 83‘'C., but it solidifies at about 20‘’C. 

100. Melting Points of Alloys : —Intlie case of alloys, the 
melting points are usually lower than those of the constituents, and it*" 
is for this reason that ‘flux^ is added to a substance with a high 
melting point in order to make it melt at a lower temperature. 

There are other alloys like Wood’s metal, which is an alloy of tin, 
lead, cadmium and bismuth, having a melting point of C0‘5'C. ; and 
Rosens metal—^an alloy of tia, lead, and bismuth,—^having a melting 
point of 94’5 C. These alloys are readily fusible and so they find many 
appUcations in our daily life, Thej are used in automatic sprinklers 
for buildingsy so that when a fire breaks out, a plug, made of one of 
these adloys and inserted in a water pipe, melts and thus the water 
rushes out from the mains. Fusible plugs are also used in closing 
fire proof doors automatically in the event of a fire, and fuss in 
electrical circuits are also made of tliese alloys. 

101. Effect of Pressure on the melting Point s —^The melt¬ 
ing points of substances like ice, iron, etc. which contract on melting, 
are loweredy and tlie melting points of those such as paraffin, etc. 
which erpond on melting, are raised by increase of pressure. The 
melting point of ice at O'C. is lowered by about 0’0073 C., for an 
increase of pressure of one atmosphere. Paraffin wax, which expand 
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dte melting, melts at about 54*^0. at a pressure qf one atmosphere, and 
it will melt at a higher temperature if the pressure be increased. 

From a simple consideration wc would also expect the above facte. 
For, in the case of icc, any increase of pressure tends to diminish its 
volume and thus it helps the process of melting and so the melting 
point will be lowered under increased pressure. In the case of paraffin, 
which expands on melting, any increase of pressure which tends to 
diminish the volume, will oppose the process of melting and so the 
melting point in this case will be increased under a increased pressure. 

Regelation .—The fact that by exerting pressure the melting point 
of ice can be lowered, may be shown by pressing two pieces of ice 
Sllfeain&t each other and then releasing the pressure, when it will be 
found that the two pieces are frozen into one. Such phenomenon of 
melting by pressure and refreezing on withdrawal of pressure is known 
as regdalian (L. again : gtlare, freeze). The pressure lowers the 
melting point, and so water is formed at the surface of contact. On 
removal of the pressure, the melting point rises ; water freezes again, 
and thus the two pieces arc joined together, provided the temperature 
of the ice is not below 0 C, in which cjise the pressure applied 
by the hands *will not be sullicient to reduce the melting point 
below the actual temperature of the iee and so the pieces of ice will 
not be joined together. It has been found that a pressure of about 
1000 atmospheres will be necessary to melt ice when the air 
temperature is — 7’6 C. 

The phenomenon of regulation is demonstrated by the following 
experiments. 

(1) Bottomley*s Expt.—A large 
block of ice rests at its two ends on two 
supports (Fig. 40). A turn of a thin 
metUlio wire with a heavy weight-attached 
is placed round it. In about half an hour 
the wire cuts its way right through ^e 
block of ice but the block of ice remains 
as one piece. The pressure of th^ wire 
causes the ice under it to melt and the 
wire passes through the water formed, 
which being relieved of the pressure 
^en freezes into ice again. 

It is to be noted that the ice melting 
beneath the wird requires heat for melting 
and water above the wu‘e gives out 
heat at the time of freezing, which is 
conducted tiirough the wire to help the 
ice below iu melting. So the above process 
is helped if a metallic wire is used, for a metal is a good conductor of 



Fig. 46—Bottomley’s Ezpt. 
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hoat. Hence a twine is not suitable in this case and a copper wire 
will work more quickly than a steel wire. 

Experiments have ^proved that if the block 
be in an ioe'-house where the temperature is 
below 0“C., the wire cannot cut through die 
block ; the temperature of the surrounding air 
must be above 0 C. 

(2) Mousson’s Apparatus. —The lowering 
of the melting point of ice by increased pressure 
can also be shown by means of the apparatus 
shown in Pig. 47, which is known as Mousson^s 
Apparatus. ^ 

Expt — The apparatus consists of an iron 
cylinder (4Zi)closed at one end with a strong 
screw plungerP. The cylinder is partly filled with 
waiter which is then frozien by keeping it inside a 
Fig. 47—Mouason’s mixture of ice and salt. A small metal ball 0 is 

Apparatus. now placed on the top of the ico in the cylinder 

which is tlicn closed by the screw plunger. The whrfilo is then surroun¬ 
ded by ice and the irressure is increased by driving the* screw plunger 
in. On opening the cylinder at the bottom, the metal ball is found 
to come out first, tlie water inside,liowevcr, is found to be still frozen. 
This shows that ice melted under the increased pressure and the ball 
came down to the bottom. On relieving the pressure, the water is 
again frozen. 

Welding . —^When very near the melting point, two pieces of 
wrought iron can be moulded together into one piece. This is called 
welding^ which is an example of regelatimi. It has been found that 
any body, like iron or ice, which expands when cooled and contracts 
when heated, is cooled by pressure, instead of being heated. In the 
plastic condition, say at 1200 C., when iron being heated contracts, 
two pieces of wrought iron aroi brought together, and pressure is tlien 
applied due to which the temperature of the joiut falls some 50'’ C. at 
tlie junction, and the welding is done. 

i 

102. Freezing Mixtures : —^Freezing mixtures are prepared 
by mixing generally tsvo substances. At the existing temi)erature one 
of them or both should melt, i.e. pass from the solid to the liquid state 
and thus require heat for doing so. This heat is taken from the 
mixture and so the temperaiuro falls. The most common freezing 
mixture is a mixture of ice and salt (usually 9 parts of ice to 1 part of 
salt); every gram of ice in meUiug takes 80 units of heat from the 
mixture. If a test tube containing some water is dipped into the 
mixture, the water freezes. Low temperature can be produced very 
quickly by adding an excess of salt, but it will not aflPeet the final 
temperature of the mixtur^. So in order to freeze ice-cream quickly, 
we should add an excess of common salt. 
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The freezing point of a solution is lower than that of the pure 
solvent. So the freezing point o£ a solution of common salt is also 
lower than that of pure water. 

Photographer's *hyi) 0 ^ (sodium thio-sulphate), ammonium nitrate, 
etc. when dissolved in water, lower the temperature to a great extent, 
because, in dissolving, each takes the necessary amount of heat from 
the water. 


A FEW FREEZING MIXTURES 



Parts by 
Weight 

Temperature 

Ammonium nitrate 


-IT^C. 

Sodium Eulpbate 

4 

Powdered ice 

91 

-20°C. 

Common salt 

1/ 

Crystallised calckim chloride 

3\ 

-52'C. 

Xc6 * 

2j 

Carbon dioxide (solid) 

4l 

—77°C. 

Ether 

If 



103. Laws of Fusion : —(1) A solid under constant pressure 
melts at a definite temperature, called ihe rmlHvg point of the solid, 
and this is the same as the solidification point of the corresponding 
liquid. When the pressure is one atmosphere, the melting point is 
► called its normal melting point. 

(2) Tha rate at which fusion takes place is proportional to the 
supply of heat, but temperature remains constant until the whole of 
the solid melts. 


(3) Substances, like ice, which eontract on melting, have their 
melting points lowered by increase of pressure, while substances, like 
paraffin wax, which expand on melting, have their melting points 
raised by increase of pressure. • 

(4) Unit mass of every substance during fusion absorbs a definite 
amount of heat, known as/Aia/^ea^o/‘/w^^ow, which is a cons¬ 
tant for that particular substance, but changes, though very slightly, 
with change of die huperiiicumbent pressure. 


104. Vaporisation and Condensation The change of a 
substance from the liquid to tlie vapour or gaseous state is known as 
vaporisation, wdiile the reverse process—the change from the vapour 
to th(! liquid state—is known as condensation or liquefaction. 

The phenomena of vaporisation and condensation are comparable 
to those of fusion and solidification. The following points are to be 
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remembered about the process of vaporisation which has got diffe¬ 
rent names under the circumstfinces in which it takes place—* 

(rtf) When the change of a substance from the liquid to the vapour 
state takes place slowly at any temperatures and takes place from the 
surface of the liquid, tibe form of vaporisation is known as evaporation 
[vide Art. 106) 

{b) When the change takes place rapidly at a fixed tempcratiire 
and takes place throughout the liquid, the form of vaporisation 
is known as ebullition or boiling [vide Art. 106). 

In boiling every pound or every gram of a substance require^ 
a quantity oE heat at its boiling point in order to be converted from 
the liquid to the vapour state, the quantity of heat being known as 
the latent heat of vaporisation of the substance ajfc that temperature. 
The same amount of heat will also bo necessary to be abstracted from 
unit mass of the substance at its boiling point in order to be trans¬ 
formed from the vapour to the liquid state. This amount of heat, in 
the case of water at 100’G., is 536 calorics per gm.^ 

105. Phenomena daring Change of State The following 
phenomena are observed in the case of a substance when it changes 
its state from solid to liquid or from liquid to vapour— 

(o) latent heat is absorbed ; [h) tempiTaturc docs not change 
until the whole of the substance has changed the stale ; (c) the volume 
of the substance changes. 

106, (a) Evaporation and Ebullition (or Boiling ):— 

Evaporation. —If a shallow dish containing water be left in 
a room, the water will gradually disappear. Such gradual change 
from the liquid to the gaseous state which takes place quietly from 
the surface of the liquid and goes on at all temperatures is known as 
evaporation. 

That is, evaporation is^ the gradual and slow change of a mbs- 
tance from the liquid to the vapour state, which takes place at the 
surface of the liquid at all temperatures. 

Factors governing Evaporation .— 

(i) The temperature of the liquid: The higher the temperature, 
the faster is the formation of vapour 

(jjt) The nature of the liquid ; A quantity of ether will disappear 
faster than the same quantity of water under the same conditions, i.e. 
a liquid having a low botling point will be evaporated quickly. 

(m) The renewal of air over the liquid surface : The rate of 
evporation increases by renewing air over the liquid surface. That- 
is why wet linen drieSv up more quickly on a windy day than on a 
calm day. 



CHANGE OF STATE 


42a 


(iv) The pressure of the air : The less the pressure of ftif on 
the liquid, the greater is the rate of evaporation. So the rate of eva¬ 
poration is maximum in T;acaum. Evaporation in vacuum is used in 
chemical works for preparing extracts from solutions. 

(r) The area of the exposed surface : The greater the area of 
the surface of a liquid exposed to the air, the greater is the evapora¬ 
tion. So hot tea is taken in a flat dish to get it cooled quickly. 

{vi) The pressure of vapour in contact with the liquid : The 
rate of evap ^ration becomes slower, if there is vapour of the liquid 
in contact. That is why evaporation is quicker in dry than in moist 
air. Wet linen and muddy roads dry up more quickly in the winter 
^than in the rainy seasons. 

(b) Boiling . —If a liquid is continuously heated under a given 
superincumbent pressure, vapour is given off at the initial stages from 
the surface of th<^liquid but Anally a stage comes when the vaporisa¬ 
tion takes place throughout tlie mass of the liquid in a rapid and 
vigorous way. This stage is called the boiling of the liquid. The 
bubbles of tlie vapour always originate at the heater surface. 

As long‘as the boiling takes place, the temperature of a liquid 
remains constant if the superincumbent pressure does not change. 
This constant temperature, which is different for different liquids, 
is called the boiling point of a liquid corresponding to the 
superincumbent i)rossuro. If the stiperinenimbcnt pressure is one 
atmosphere the temperature of boiling is called tlie normal boiling 
point of a liquid and is ordinarily designated as its boiling point. 

Factors governing Boiling Point — 

(»■) Boiling point increases or decreases according as the super¬ 
incumbent pressure on the liquid increases or decreases. 

(«) The presence of any dissolved impurity increases the boiling 
point. So the boiling point of a solution is always greater than that 
of the pure solvent. • 

(u^) The boiling point depends, though to a small extent, on the 
material of the boiler, its roughness and the degree of cleanness of 
its inner surface. ’ - 

(c) Distinction between Evaporation and Boiling .—^The 
difference between evaporation and boiling (ebullition) is that the 
former takes place at the surface of the liquid at all temperatures^ 
whereas the latter takes place throughout the mass of the liquid at 
a particular temperature depending on the superincumbent pressure. 
Moreover, the former is a. slow process while the latter is a rapid one. 

107. Cold caused by Evaporation : — Evaporation produces 
cooling. When the evaporation of a liquid takes place, the tempora- 
tme of the liquid falls, because the latent beat necessary for vaporisa¬ 
tion is supplied by die liquid itself and so it goes down in temperature. 
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This is the reason *of the cooling effect of the wind on moist 
skin, or of the wind coming through l-hns-lhas screens in summer 
months. One gram of water, say, at IS^C, would require about 
636 calories to change it into vapour at that* temperature. At these 
rate, heat is absorbed from the skin, or khas-khas when evapora¬ 
tion takes place. The wind accelerates the rate of evaporation. 

The cooling effect will be rapid if a few drops of ether or alcohol 
axe placed on tlie skin instead of water, because, the rate of evapora¬ 
tion of those liquids at the room tcmpcratime is very rapid. 

The bulb of a thermometer wrapped with a piece of muslin will 
show a rapid fall in temperature, when a few drops of ether are 
poured over the muslin, 

(1) i4 porous pot keeps water cooler than a non-porous pot — 

In hot countries, water is put into earthen vessels which are 
porous The water which oozes out of the pores ar6 evaporated and 
thus the water inside is kept cool Water in this case will be much 
cooler than tlie water kept in a glass or metallic vessel of equal 
size, because, in the first case, the evaporation takes place all over the 
vessel, while in the other case, it takes jdace only frofia the surface of 
water at the mouth of the vessel. 

(2) The watering of the streets in summer not only settles down 
the suspended dust but produces a cooling effect by evaporation. 

(3) In drinking hot milk, or tea, it is generally poured in a 
shallow saucer before drinking, in order to expose a large surface of 
the liquid to tlie air so that evaporation can take place more rapidly. 

(4) In summer, dogs are seen to hang out their tongues in order 

to expose a surface to air for evaporation so that they may enjoy the 
cooling cfl'ect caused by it. « 

(5) The reason of using a fan in summer is to increase the rate 
of evaporation of the perspiration coming out of the pores of our akin. 
Generally, the vapour formed out'of the perwspiration clouds over the 
akin due to which the rate of evaporation becomes slow, but when a 
fan is used, the wind produced by the fan removes the layers of 
vapour and this renewal of the air in contact with the skin increases 
the rate of evaporation. This eaiises gi-eater absorption of heat from 
the skin due to which cold is produced. 

108, Experiments on Absorption of Heat by Evapora¬ 
tion :—^The absorption of heat, and the consequent produiition of 
cooling, by an evaporating liquid, may be shown by the following 
experiments, where it will be seen that it is possible even to freeze 
a Hquid by the loss of heat caused by its own evaporation. 

(1) A few drops of water are placed on a block of wood and a 
thin copper calorimeter containing some ether is placed on the water. 
The ether is now made to evaporate rapidly by blowing air through 
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’ it by foot bellows. The ether in rapidly evaporating takes heat from 
the water, under the beaker, which will ultimately freeze, and the 
beaker v^l be fixed to the wood by a layer of ice formed between 
them. 

(2) Wolla8ton*»Cryophorns ,—^This apparatus illustrates the above 
principle of cooling by evaporation. It consists of a bent glass tube 
having a bulb at each end containing a little water 
and water vapour only, but no air. All the water is 
transferred to the bulb P and the bulb A is sur¬ 
rounded by a freezing mixture (Fig. 48). The vapour 
in A condenses ; the pressure inside falls and more 
water evaporates from P, the water in which is 
^gradually cooled and ultimately may be frozen into 
ice. 

(3) A shalley metal dish containing a little 
water and another dish containing strong sulphuric 
acid are placed under the receiver of an air-pump. 

On exhausting, the pressure inside falls, the water of the dish rapidly 
evaporates, and tjjie vapour formed is absorbed by the sulphuric acid, 
and thus the 4 jressnrc inside is always kept low. So the water conti¬ 
nues to evaporate rapidly, whereby the temperature of the water falls 
and ultimately n thin layer of ice forms on the surface of the water. 
This is known as Leslie's Experiment. 

109. Refrigeration : — It is the science of artifdally main^ 
tnining an enclosme at a desired constant Umperainre much loner 
than that of the surrounding atmosphere. 

At temperatures above 50'^F. bacteria multiply at an increasingly 
rapid rate.^ Food articles such as fish meat, potato, egg, fruits, etc. 
for this reason go bad in hot wcjither. If kept within a cool hold they 
keep well for a long time. Many medical products such as vaccines, 
injectibles, etc. also behave similarly. In fact, the scope of refrigeration 
is very wide ranging from tlie small domestic refrigerator in which a 
temperature of 40° to 45'F. is aimed at,*to cargo vessels in which refri¬ 
gerated holds are maintained many degrees below the melting point of 
ice for the transport of frozen meat. It also covers ice-making plants. 
Some ice-machines produce even several hundred tons of ice per day. 
Ice-plants form an indispensable equipment for the fishing fleets ; the 
refrigeration of the catch is no less important tlian act of catching, 
for such fleets report to the shore sometimes a few days after. I’he 
word “commercial refrigeration” is ordinarily used to indicate in 
general the technique of preservation of goods at low temperatures. 
Commercial refrigeration is already an important trade in the United 
States of America, U. K., and some other advanced countries of 
Europe. It is so bound to grow in tliis country, especially because 
ours is a tropical country. A refrigerator, besides being used for 
cold storage purposes as stated above, is also used for industrial 
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purposes. A refrigcratingf device forms the most important part of 
a Summer Air-conditioning plant with which modem Public 
Halls such as Lecture Halls, Theatres, Piclftire Houses, Hospitals, 
etc. are fitted, or of Air-conditioners used in Research Laboratories, 
Spinning rooms in Textile Mills, Rubber Factories, etc. 

In the act of refrigeration the principle which is commonly utilised 
is that of cooling a liquid by rapid evaporation. The liquid which 
produces cold-by evaporation is called the refrigerant. A refrigerant 
should have a high latent heat of vaporisation, and a low boiling point, 
besides other secondary qualities. Some common refrigerants are— 
ammonia, sulphur-dioxide, carbon-dioxide, methyl chloride, ethyl 
chloride, Freon (CCl 2 Fi),etc. Freon for various considerations, is y 
rightly regarded as an ideal refrigerant. 

In a refrigerator the hold is maintained at a lower temperature 
than that of the surrounding atmosphere. This means that, to start 
with, heat has to bo removed from the given enclosure to the hotter 
surroundings at such a raie that the temperature falls to the desired 
value and at this temperature heat is to be continnqusly transferred 
from it at a rate at which it will enter from outside such that the 
temperature of the enclosure may remain constant. The act of such 
removal requires Ihc expenditure of some energy. Two distinct 
types of refrigerators have come into existence which difter from each 
other in respect of the nature of supply of the energy. 

(1) The Electrolux Rehigerator (or the Absorption tjype refri¬ 
gerator).—In it the working energy is supplied in the form of heat 
energy by burning a fuel such as coal gas, kerosene, etc. 

(2) Frigidaire type or the Compression type.—dn it the 

working energy is supplied in the form of mechanical energy by a 
compressor. A reciprocating or rotary compressor driven by an 
electric motor or an engine is used here for the compression of the 
working gas. This type is alsoioften called a mechanical refrigerator. 

In electrified areas, the latter tyj^e of machines is fast superseding 

the former type. An ice-machine of the compression type_^which 

also represents the principle of working of the compression type of 
domestic refrigerators—^is described below. 

Ice-machines .—^The essential parts of the machine (Fig. 49) are 
the following,— 

(1) A cooling coil (A), otherwise called the evaporator, which is a 
long copper tube made in the form of a spiral. This is placed in a 
strong solution of brine. In this brine bath cans containing water for 
freezing are placed. The brine, which is always kept in circulation 
provides a good medium of coutact for ready transfer of heat from 
the water cans to the evaporator coil. 
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(2) A emdemer {B) whioh is also a coirof copper tube placed in. 
a tank. Cold water is njade to circulate round the coil and this running 
water continuously takes away heat from the condenser. 

(3) A mechanical pump 
worked by a motor or engine 
and it acts as a compression 
pump. 

(4) A regulating valve 
(F)—^This is only an adjustable 
onp-way opening and allows 
tlm liquid from the condenser 
(B) to pass to the evaporator 

(A) when a certain difference of 
pressure is set up between the two. It se[varatcs a chamber of hi^h 
pressure from a chamber of low pressure. 

Action —(/)’’l)tiring the compression stroke, as shown in the 
figure, tli<* fofri^iMMnt gas is compressed, the pump being driven by 
an electric, motor or engine The compressed gas enters the condenser 

(B) on opening the exit valve. 

(/V) The compression produces heat (as in a bicycle pump); the 
licat so produced is absorbed by the cooling wat( r and the compressed 
gas gradually liquefies at the existing pressure and temperature within 
the condenser. 

[Hi) The liquid refrigerant passes through the regulating valve (F) 

to the evaporator coil where the pressure and temperature are lower. 

• 

[tv) During the next stroke of the pump—^which is a suction 
stroke—the admission valve between the C3’linder of the pump and the 
evaporator, which can open intq tlio cylinder only is lifted owing to 
the fall of pressure in the cylinder, ^nd the liquid in the evaporator 
rapidly evaporates, the latent heat being absorbed from tlie brine bath 
which is cooled thereby. The,ncxt compression stroke by which the 
evaporated gas is compressed and liquefied again, starte the cycle 
afresh- 1'he pressures in the condenser and the evaporator corres¬ 
pond to the saturation vapour pressures {vide Art. 110) at their 
own temperatures. 

The same cycle of operation is repeated over and over again. 
When the temperature of the brine bath falls to the desired value, it 
is maintained at that temperature, by means of an automatic device 
(not shown in the figure). The device stops or starts the motor as 
the temperature tends to decrease or increase. The co^efficient of 
performance of the machine is defined as the ratio of the amount 
of heat removed to the heat equivalent of the work done in removing 
the heat 



Fig. 49—The Icc*machine. 
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JV. B .—^In different refrigerating systems of the above type of 
refrigerator*, the cooling of the condenser is arranged differently. 
Air cooling, cooling by spray of water, or by circulation of cold water, 
are the common methods which are employed. In air-conditioning, 
the air is directly forced by a fan over the evaporator coils and 
thereby it is cooled. The indirect contact of a brine solution is 
dispensed with. 

VAPOUR PRESSURE (OR VAPOUR TENSION) 

no. Vapour Pressure and Saturation Vapour Pressure .— 

Whenever a liquid evaporates at any temperature, the vapour exerts a 
definite pressure on everything in contact in the same way as a gas 
does. This pressure is called the vapour pressure of the liquid at 
that temperature. 

Expt .—^Take two barometer glass tubes X and T, each about a 
metre long and 4 or 5 mms. in diameter (Fig. 50). Pill each com¬ 
pletely with dry mercury, and after closing the open end 
with the thumb, invert both of them in the same through 
of mercury. Clamp the two tubes vertically side by side. 
The mercury in both of them will be found to stand 
at the same level, say at A and B in the two tubes JC 
and Y respectively ; the height of either of them above 
the surface of mercury in the trough gives a measure of 
the barometric pressure at the time. Let the tube JSC act 
as a simple barometer for comparison and a few drops 
of water or ether be introduced into the Torricellian 
vacuum of the other tube ( Y) by means of a bent pipette 
iP) ; the liquid, being lighter, rises through the mercury 
to the top of the tube and evaporates immediately. The 
vapour formed there depresses the mercury top {B) 
slightly. This shows that the vapour of a liquid formed 
at any temperature 'exerts a pressure. If further small 
quantities be introduced little by little, the quantity of 
vapour on the top of the tube will be increased and there 
will be further depression of the mercury column. 

On continuing this process, a stage will be reached when there 
will be no more evaporation and so tlieie will be no further depression 
of the mercury column. At this stage if a little li(piid be introduced, 
it will collect as a thin layer on the surface of mercury. I his shows 
that a confined space has only a limited capacity to hold n vapour 
at a given temperature. Let the top of the mercury stand at C at 
this stage, when the depression of the mercury column is greatest. 
When the depression of the mercury column is gi’catest, the cuclosed 
space above the mercury top (C) is said to be saturated uith the 
vapour t or is said to be full of saturated vapour. Hence in a closed 
space if a vapour is in contact with its liquid it is a visible indication 



Pig. 50 
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that the space is saturated with the vapour. Before this stage, the 
space is unsaturated, or is full of unsaturated vapour. Since no 
further depression of the mercury column occurs after the vapour 
becomes saturated, it is evident that tlic vapour in this condition 
exerts the maximum pressure possible at that temperature, i,e. the 
saturation pressure is the maximum pressure of a vapour at a given 
temperature. 

In the above experiment the difference in height between the 
initial level B and the final level C (whoii the mercury column in the 
tube Y is depressed most) gives a measure of the saturation pressure 
of the vapour at the temperature of the experiment. 

Thus, a mass of vapour is said to be saturated at a given tempera¬ 
ture when the pressure it exerts is the maximum for it at that 
temperature and this maximum pressure is ml led ike Saturation 
Vapour Pressuf'eiS.V.P.) of the liquid at that temperature ) the 
vapour is said to be uusaturaied when the pressure it is exerting 
is less than the saturation vapour pressure of the liquid at that 
temperature. 


111. Change of Volume at Constant Temperature :— 

(a) Unsaturated Vapour .—^Take two simple barometers, each 
about a metre long standing in the same 
trough (F) of mercury and then proceed 
us in the last article to find the saturation 
vapour pressure of water at the room 
temperature. Note the difference of levels, 

BC [Fig. hi, (1)] which represents the 
S.V.P‘. eff water so determined. 

Next remove the experimental tube, 
refill it with mercury and again invert it 
into the same trough when it will be*ready 
for a fresh set of observations. Let Fi^. 51 
(2)rei)rescnt tlie apparatus when tlic second 
set of observations is taken. Intrbduee two 
to three drops of water into th(‘ tube and 
observe the deperession of the mercury 
column as the water evaporates. The 
vapour formed is, in all probability, un- 
eaturated. To bo completely sure, raises 
the tube some way up. In this way a mass 
of unsaturated vapour at the room tem¬ 
perature is formed and enclosed above the 
mercury-top in the experimental tube. 

Note the volume of the vapour and the difference in level between 
the mercury-tops in the two limbs, which gives the corresponding 
ppBSSure of the vapour. Gradually raise t£e experimental tube 
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(taking care that the lower end of*', the tube’’ remains under mercury) 
and note that as the volume of the enclosed vapour is thus 
increased, the mercury column in that tube also increases in height, 
showing ^at the pressure of the vapour decreases. At this stage 
note the volume, and the pressure which is given by the diflcrence 
between the mercury-tops in the two limbs. Maik that the product 
of the pressure and volume at each stage is approximately constant. 

Next push ^e tube gradually into the trough when the volume 
of the vapour will be decreased. Note that as the volume is decreased, 
the height of the mercury column in that tube also decreases, showing 
that the pressure of the vapour correspondingly increases. This goes 
on until the enclosed space is so diminished, as shown in Fig. 51 (2), 
that a thin layer of water deposits on the surface (C'l) of the mercury, 
which indicates that the space is no longer unsaturated, but is satu¬ 
rated with water vapour at tliai temperature. The difference {AiCi) 
of the mercury levels in the two tubes at this stage will be the same 

SO determined in the first part of the experiment. Any further 
depression of the tube does not tend to depress the mercury column 
any more ; that is the pressure attained has reached a maximum 
value and any fui'ther decrease in volume instead uf increasing the 
pressure will gradually condense the vapour into liquid. Almost 
upto tliis stage, t.e, upto when saturation is reached, the product of 
pressure and volume will be constant, and equal to tliat when the 
volume was increased in the previous part of ^e experiment. The 
product will be constant, if any other hquid instead of water is taken 
in the experiment. 

ELenoe at constant temperature the product of pressure and volume 
of any unsaturated vapour is approximately a constant. That is 

unsaturated vapour obeys Boyle’s law approximately. 

(6) Saturated Viapour.-— Take the same ai)paratu8 as in 
Fig.,51 (2) and proceed as in the last part of the last article when 
^dually pushing the experimental tube into the trough a stage will 
finally be reached such that a thin layer of the liquid deposits on the 
clean mercury surface ; that is, the enclosed space will be saturated 
with the vapour. Depress the tube gradually into the trough. 
Mark that while the volume of the enclosed vapour is decreased, 
the layer of the condensed liquid Sickens gradually more and 
more but the mercury-top below stands stationary at its previous 
position, namely at C'l where saturation began. That is, when the 
votunw of satufuted vapour in decreased at constant iemperaturef 
more and more of the vapour condenses out but the pressure remains 
unaltered. 

* Next try the opposite process, ie. raise the tube up gradually. 
Ma rk that a stage be reached when the liquid-deposit evaporates 
out. Introduce sufficient, liquid into the tube as and when necessary. 
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such that a thin layer of liquid always remains on the mercury-top, 
i.e. the space remains saturated with the vapour as the tube is gradu¬ 
ally raised. Observe that though the volume of the enclosed space 
is gradually increased, the mercury-top below remains always at its 
previous position, namely at C’l provided the vapour is always 
saturated. Thus, saturation vapour pressure at constant tem- 
peratuie is independent of the volume of the vapour and 
depends only on the temperature. So, saturated vapour does 
not obey Boyle’s law. 

N.B.— From this experiment it is also to be marked that the 
mass of vapour necessary to saturate a space at a given condition 
is proportional to the volume of the space ; for, at satui'ation, when 
the volume is decreased, the vapour condenses out in the sjime 
proportion in which the volume is i-cduced ; again, when the volume 
is increased, liquid to be introduced to keep the space saturated will 
be in the same proportion in which the \ olume will be increased. 

112. Measurement of Saturation Vapour Pressure of Water 
at Different Temperatures {Regnault^s 
Expt.) :—^Regnault determined the saturation 
vapour pressurtAs of water over a wide range of 
temperatures and has incorporated them in a chart, 
popularly known as the Regnault s table of vapour 
pressures. He used tlic following arrangement of 
apparatus for temperatures between 0 C.aiid 50 6?, 
and the arrangement in Fig. 57 for temperatures 
between 50 C. and 250 C. 

Set up two barometer tubes A and B (Pig. 52) 
vertically with their upper ends in a water bath J, 
which is i)rovided with a stirrer ^S. The temperature 
of the bath is regulated as desired, whether below 
or above the room temperature, by the addition of 
ice or passing steam through a heater tube immer¬ 
sed in the bath as the case may be. , Any inequa¬ 
lity of temperature in the bath is «iOught to be Fi)j. 52 

prevented by constant stirring. When the desired temperature is 
attained, it is determined by a {sensitive thermometer T. The liquid 
whose vapour pressure is to be determined is gradually introduced 
into the barometer tube {B) by means of a bent pipette until 

the space is saturated at the desired temperature. The diflPerence of 
levels in the two barometer tubes is read at this stage, which gives 
the vapour pressure of liquid at that temperature. The expt. is 
subject to some errors which are due to 

(a) the pressure of a thin layer of the liquid in the experimental tube; 

{b} difPerence in surface tension of mercury in the two tubes • in 
one the mercury is in contact with water while it is in contact with 
its own vapour in the other. 



• For toe determination oi vapour presburea of low valuee rend Arr iipf ai 
under Heat in the “Additional volume" oi this book. ' ^ 
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113 , Effect of Change of Temperatare on 


(a) Saturated Vapour, —Saturation, vapour pressure of a 
liquid can be determined at various temperatures as described in the 
previous article, or as in Regnault^s ex- marcut^) 

periment (Art. 119). It is found that in 
general the S.V.P. of a liquid increases 
as the temperature increases, but there 
is no simple law by which the relation¬ 
ship between the two quantities can be 
represented. Fig, 52(a) approximately 
illustrates how the S.V .P. of water (mea¬ 
sured in centimetres of mercury) varies 
with temperature (in degrees centi¬ 
grade) ; at 100 C., it will be noted from 
the graph, the S. V. P. of water is 70 cms. of 



mercury. 


(6) Unsaturated Vapour ,—^Take a modified lioyle^s law appa¬ 
ratus as shown in Fig. 53. The experimental tube AB is provided 

at its upper end with two stop-<;ocks, Si and ^2 
one above the other, having a small length of 
glass tubing between them. Above the upper 
stop-cock <i?i, there is a funnel {F) into which 
the experimental liquid is poured. 

The experimental tube A Bis surrounded by 
a water bath (J) in which a thermometer (T) is 
dipped vertically. The temperature of the b.ilii 
can be raised by passing steam into it from a 
supply tube or decreased by addition of ice 
according to requirement. By properly .regulating 
the steam or ice as the case may be, the tempera¬ 
ture may be kept constant. For uniformity of 
temperature a stirrer (not shown in the figure) 
may be uped in the water bath. 

To start with, open Si and ^ 2 . and gradually 
raise the open tube KO till the mercury in AB 
rises above Si. This is how the air in AB is 
driven out. Close Sj and lower £6 until the 
mercury-top in AB recedes well below so as to 
leave a suitable vacuous space under 82. The 
difiPerenoe in level between the mercury-tops in AB and £G now 
gives the barometric height at the time of expeiiment. 

Close S2 and then open Si and pour some liquid, say water, 
into the funnel F. Then close Si and open S 2 when the water 
between Si and Sg, which is a small quantity of water, runs down 
into the vacuous space below and gets vapourised immediately. 
Mark that there is a depression of the mercury level in AB. This 
is due to the pressure of the vapour formed. In all probability, the 
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enclosed space in >4B is unsatnrated. To be fully sure of it increase 
the volume of this space by lowering the arm KG some way down 
when the mercury-top in JB also will sink down. Fix the tube 
KG and note the mercury level in AB and that in KG. The 
difiPerence between them will now be less than barometric height 
observed already. The deficit gives the pressure of the unsaturated 
vapour at the volume it now occupies in AB. 

Next pass steam into the water bath and raise its temperature 
to a definite value by regulating the steam. Mark that the mercury 
column in AB goes down. Raise KG till the mercury level in 
AB goes up and reaches the initial position. This is necessary in 
order that the vapour may occupy the same volume while the 
temperature is chaugod. After the volume is thus restored to the 
original value, find the difference in the mercury h'vels in AB and 
KG. Observe that the difference in levels has decreased. This 
shows that thov pressure of the vajjour has increased due to rise in 
temperature. Continue the above operations, raising the bath to 
gradually liighcr and higher temperatures. It toill be found that the 
increase of pressure urith increase of temperature at constant volume 
follows the pressure law {Art. bQ) which is a form of Charlesf law. 
The experiment may bo repeated for temperatures lower tlian the 
room temperature by adding ice to the water batli, when it will also 
be found that the pressure decrease's with decrease of temperature 
(volume remaining constant) according to tli'' same pressure law as 
noted already. This reduction of pressure with decrease of tempera¬ 
ture proceeds till at a certain temperature the vapour becomes 
saturated when it will begin to deposit as water. After this stage 
the pressure falls very quickly, being always equal to tlie saturation 
vapour pressure of the liquid at the corresponding temperature. 

Thus unsaturated vapour obeys Charles^ law. 

114. Distinction between Saturated and Unsaturated 
Vapours :— 

(1) When a space contains the maximum amount of vapour 
it can possibly hold at a given temperature, it is said to be saturated 
with the vaiiour and the pressure exerted by tlie vapour then is the 
maximum pressure at that tenlpcraturc, called the saturation vapour 
pressure. In a closed space, when a vapour is in contact with its 
liquid, it is a visible indication that the space is saturated. 

A space is unsaturated at a given temperature if the ma.gimnm 
amount of vapour is not present in the space, i,e. if furtifier liquid 
is introduced into the apace it is evaporated. In a closed space a 
vapour is in all probability unsaturatod, unless it is in contact with 
its liquid. 

(2) If the temperature of saturated vapour in contanet with its 
own liquid is increased, more liquid evaporates and consequently the 
pressure increases till the maximum pressure at the raised temperature 

28 
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id attained, the pressilre attained is always the saturated vapour^ 
pressure at the higher temperature. On decrease of temperature, 
condensation of the vapour takes place at such a rate that the 
residual vapour at each lower temperature saturates the space at that 
temperature. The changes of saturation vapour pressure due to 
changes of temperature do not however, follow Charles' law. 

In case of un saturated vapour, the increase of pressure due to 
increase of temperature takes place approximately according to 
Charles' law. .On decrease of temperature, the pressure decreases 
according to the same law upto a stage, but finally at a certain 
temperature the space may be saturated with the vapour, and on 
further lowering of the temperature, more and more vapour condenses 
out, the pressure being maintained at the saturation vapour pressure 
corresponding to the lower temperature. Thus saturated vapour^ 
does not obey Charles* law but umaiurated vapour doesy though 
approximately. 

(3) Keeping the temperature constant, if the volume of saturated 
vapour, in presence of its own liquid, be increased, more vapour 
will be formed, and if diminished, some will bo condensed but the 
pressure will always remain constant corresponding ^ to the tempera¬ 
ture {vide Art. Ill) at which the experiment is done. , 

It no liquid be present when tlie volume is increased, the vapour 
becom(‘3 uneaturated and tlie changes of pressure and volume will 
take place according to Bojle’s law. Thus saturated vapour does 
not obey Boyl6*s law uhtle unsaturated vapour does. 

The cases of saturated and unsaturated vapours can be compared 
to the solution of a soluble solid, e g. sugar in water. When the 
solution contains the maximum amount of sugar possible at that 
temperature, it is called a saturated solution like the solution' of the 
maximum amount of water vapour in air. If the sugar solution is 
cooled, some sugar crystallises out; so also if air saturated With water 
vapour is cooled, part of the water vapour condenses out, Again, by 
increasing the temperature of the sugar solution, more sugar can be 
dissolved, and similarly, the warmer the air die more water vapour 
will it hold in suspension. ’ 

115 . Mixtures of Various Vapours or Gases -The vapour 
we have considered so far is produced in a vacuum space and we 
know now how the pressure it causes can be determined. It is 
necessary to enquire next whether the pressure of the vapour will 
be altered or remain the same as above if it is formed in a closed 
space containing, say, air or some other gas. Sir John Daltou 
investigated into this problem and laws, known as Dalton’s Igws 
of uapour pressuresy have been formulated, which govern the 
pressures of mixed or associated vapours. 

Daltons Laws of Vapour Pressures,^ 

1. The saturation pressure of a particular vapour in a dosed 
at any fixed Umpereture depends only on its temperature and 
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independent of the volume , or of the presence of any other vapour or 
gaSi provided that no chemical reaction takes place between them. 

2. The total pressure^exerted in a closed space by a mixture of 
gcwes and vapours {which have no chemical action on each other) is 
equal to the sum of the pressures which each cosiitmnt would sepa¬ 
rately exert if it alone occupied the whole space at the same tempera¬ 
ture. These last named pressures of the individual gases arc often 
called their partial pressures. 8o the second law is often also 
called the law of partial pressures. 

The first law refers to the maximum pressure, and therefore, 
applies to a saturated vapour in a closed space. The second law 
applies both to saturated and unsaturated vapours. 

^ Verification of Dalton*s Laws of Vapour Pressure .—^Take 
the same apparatus as in Fig 53. Take water at the room temperature 
in the Jacket (7) saas to keep the temperature of tlic tube Jil constant. 

Open Su S 2 , and observe that the mercury stands at the same 
level in and KG. The pressure of air in AB is now atmospheric. 
Adjust KQ, as necessary, such that the level of mercury in AB comes 
to a convenient i:^psition, say, at the middle of the tube AB. Then 
close S 2 . Take some water [t.e. a liquid which will not chemically 
react with air) in the funnel (Z') so that the space 5i S 2 is thus also 
filled with water. Note the level of meretiry in AR Next close 
and gradually add water iuto AB drop by drop by regulating the cock 
Sq. The water introduced evaporates and exerts pressure due to which 
the mercury levid in A Z? is di’ivcii down and tlint in KG raised. Ad¬ 
dition of water is continued until a tliin laj or of it deposits ou the 
clean mercury surface below, t.e. until llic enclosed space over the 
r mercury suriace in AZZ is saturated with the water vapour at the 
room temperature. The difi ercnce in lc^ el of tlic mercury columns 
in AiZ and jKCZ docs not, however, directly give the saturation pres¬ 
sure of the vapour, for the air in AZZ now occupies a greater volume 
than initially. Baise KG until tlie mercury in Ai? comes back to 
the original level. At this stage, the* mercury level in AB measures 
the pressure due to saturated water vapour in presence of air at 
atmospheric pressure at the room temperature. 

Next, to determine the saturation vapour pressure of water at the 
same temperature, when the vapour is produced in vacuum, open both 
81 and 82 and gradually raise KQ until the mercury in AB exceeds 
the level/Si. Close/Si. Then proceed as in Art. 110, to find out 
the saturation vapour pressure of water, when the water vapour is 
produced iu vacuum. 

If the experiment is correctly done, it will be found that the pres¬ 
sure of vapour in vacuum is the same as that found in the first 
experiment, even though the volume of the vapour in the second 
experiment may be different from that in the first experimenf* 

This shows that the saturation vapour pressure of water at the 
room temperature is independent of th^ volnme of the air, as 
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also of the presence of air, and depends only on the temperature. 
If any other liquid is taken or the gas taken is other than air, or any 
other constant temperature be used, the experiment reveals the same 
truth. 

If, in the first experiment, the volume of the gaseous mixture in 
AB when saturated with water vapour, be increased or decreased 
(from the initial volume of the enclosed air) by lowering or raising 
the tube KCf, the total pressure will be different But if the alteration 
of pressure due to the change in volume of the air, as may be found 
from a Boyle'^s law experiment with the same mass of air enclosed, be 
taken into account, the pressure due to the vapour alone remains the 
same, if it is saturated. If, however, the space is unsaturated at 
every stage, the change of pressure with change of volume of th^ 
mixture will follow Boyle^s law. 

Using the above apparatus as a Boyle^s law tube, temperature 
being maintained constant at the room temperature or any other 
definite temperature, draw a / - V graph with air as the enclosed gas, 
Suniiarly, draw another P~V graph with a small quantity of water 
vapour (unsaturated) alone in the vacuum spaeje of the tube AB. 
Next introduce the same quantity of water into the same volume of 
air at atmospheric pressure within itc enclosed space above the 
mercury in ilB and repeat a similar experiment as above and obtain 
a P-F graph for the gaseous mixture (unsaturated). Find that for 
the same volume, if ^e pressures obtained from the first two graphs 
be added, it becomes equal to the pressure of the gaseous mixture 
at the same volume. 

The above verifies Dalton^s second law for saturated or unsatura¬ 
ted vapours. 

Examples—(i) A wrlain quantity of vapour of a liquid mixeSl up wiA air 
U oontaintd in a veaael of emslant volumn. The pressure ahoum at 20° 0. is 80 <m$. 
ofmereury,a^at40°Citial00cma. Given that atl20*C. the vapour preaaure of 
liquid ia 15 ems, caZoulote the same at 40’O. 

At 20*0. the total pressure is 80 cms., but that due to the vapour being 15 
ems.t we have from Dalton's law, 

the pressure of the ait at 20°C.«80-»15=65 cms, From Charles’ law for the 
air, the volume being constant, 

/>30 273+20' ’ 65 293 

or, P 4 o=69*4 cms. 

But the total pressure at 40*’C. is 100 cms. The pressure due to air being 69*4 
cms., the rest ia due to vapour. That is, the pressure of the vapour at 40®C.s= 
100 - ^'4 « 30*6 cms. 

(2) A quanUtji qf oteypen ia eotUoted ever water in a graduated tube. The 
height of the column of water left sn the tube ia 58 mmt., and its temperature ie 
iO°C, i aaauming the apace oempied by ozygen to be saturated with aqueous vapour, 
find ^ praaaure of the ozygan,, the maximum preaaure of vapour at S0°O, being 
mme., and the baron¥dric height 758 mme. 
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The piwsure of 68 mmi. of water is equivalent to » 5 mma. of mercury. 

The atmospheric pressure balances the pressure of oxygen, the pressure of 
the vapour, and the column of water in the tube; hence, if x mm. be the pressure 
of oxygen, we have »-|-5+31*55=758; or, a!=721'45 mms, 

(5) A quantity oj dry air at 25''C. occupiea a length of 156 mma in a tube over 
tneroury, the mereury etonding 612 mmi. higher inaide the tube than ouUide. A 
small quantity of water i» then pasted up into the tube and the mercury column faUs 
to 699 4 mms. Find the pressure of aqueous vapour at 25'^0., the labotatory baro- 
meter standing at 759 mms. 

The original pressure of dry air=759 - 612=sl47 mmi. When the air is satu- 
zaced with the vapour, it occupies a length of 151+(612—599‘4)=el686 mms. 

The final pressure of dry air alone = = 136 mms...(Boyle's Law). 

^ 168 6 

Hence, if x mm. be the pressure of the vapour, we have 

®4-136+599'4 * 759 ; *=23 6 mm. 

(4) 1000 c.o.of atgas ars collected over water at 20'^0. and 760 mms pressure, 
the ^aee bring saturated with aqueous vaptyur. Find the volume of dry gas al 
N.T P .'the maximum vapour pressure «< 20 0. being 17 4 mms. (All 1920) 

760 mms, is the combined pressure ot dry gas and aqueous vapour at 20'’C. 

According to Dalton’s laws, pressure of dry gas alone at 20°C.=760-17‘4 
ss742 6 mms. Volume of dry gas = 1000 c.c. 

Hence, we have, if F be the volume of dry gas at N.T.P., 


^26x^0n0_760xF^ 
273+20 ""■273 ’ 


F=910-4 c.c. 


(5) Amass of air is saturated with wUer vapour at a temperature of lOO'^C. 
On raising the temperature to 200‘'0. without change of volume, the prenure ta rasa^ 

to two atmoapheree. Find the pressure at O^C, of this volume of the dry air alone. 

{Pat. 1926) 

Let P=pressure of the dry air at lOO'^C. The total pressure of the moist 
ail at 100'’C.=(P+760) mms. (*.' The pressure of water vapour at 100°C,=a 
760 mms.) 

• P P' 

Then, from the formula, where T and 3*'.are absolute temperatures 


corresponding to pressures, P and P*, we have, 

P+760 2 X 760 to aoo,£^a 

-37r=m+m- ”f.^»«864m«.. 

Again, ifPo he the pressure at 0®C., we have 

Pq _ 438 64 ^ ^ —npi-na mm* 

273 “ 273-riOO ’ ** “ 04 mms. 

116> Critical Temperature: Gas and Vapour: PermU’^ 
nent gaees :— 

Critical Temperature, —There is for every substance in the 
gaseous state a certain temperature such that if the substemee be 
below this temperalurey it can be liquefied by the application of a 
suitable pressursy and if aboi^e this temperature, it can not be Uque^ 
fiedy however great the pressure applied may be. This temperattsre 
for a substance is called its critical temperature. 

The pressure which will liquefy the substance at the critical tem- 
pemtore is called its critical pressure. 
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Br. Andrews found the critical temperature for carbon dioxide 
to be Sll'C., and its critical pressure nearly 73 atmospheres. So 
above this temperature carbon dioxide is not liquefiable. 

Gas and Vapour .—^There is no hard-and-fast line of difference 
between these two terms ; one is often used to denote also the other. 
Strictly speaking, however, the term gas should be used to denote a 
substance in the gaseous state when the tempertiire is above its 
critical tempefaittre ; whereas, the term vapour should be used when 
the same is at any temperature below its critical temperature. 

Commonly, however, the term Vapour’ is used in a restricted sense. 
It is used for substances in the gaseous state which at ordinary^ 
temperatures do not require any very largo pressure to liquefy them, 
e.g ether vapour, etc.; for, a pressure of about half an atmosphere is 
suifioient to liquefy ether vapour at 12° to 15°C. « 

Permanent Gases .—At temperatures of freexing mirture, certain 
substances in the gaseous state, like ammonia, sulphur dioxide, 
<fiilorine, etc. can be liquefied with moderate pre&surcs. Faraday in 
1823 succeeded thus in liquefying many ordinary substances 
in the gaseous state, but found that substances like hydrogen, oxygen, 
nitrogen, air, etc. could not be liquefied in that way. So he called 
this class of gases, permanent gases. Some subsequent exporimenters 
also similarly failed to liquefy those ga-^es at temperatures of freezing 
micturet by applying enormous pressures too The reason for such 
failures at liquefaction was pointed out in 1863 by Dr. Andrews as a 
result of his celebrated experiments on carbon dioxide. He asserted 
that the temperature of the substance must be brought below the 
critical temperature before any pressures could liquefy it. It is now 
known that the critical temperatures of the so-called permcmeot gases 
are extremely low. This explains why Faraday failed to liquefy them. 
All known gases have already been liquefied and so the term perman¬ 
ent gases has no meaning to-day excepting its historical interest. 
They only indicate in general ^ose substances which do not liquefy 
at ordinary temperatures and pressures. 


Substance 

NotmaT Boiling Point 
“C. 

Critical Temperature 
"C. 

Sulphur dioxide 

—101 

157 

Methyl Chloride 


143 3 

Ammonia 

—33 35 

1319 

Carbon dioxide 

-78-6 

31 1 

Oxvgen 

—182-9S3 

-11882 

Nitrogen 

—195 808 

-147-13 

Nydtogen 

—25278 

-239-91 

Helium 

.—. 

-268-92 

—267-84 
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Il7. Boiling by Bumping :—^Wiieni water is heated in a glass 
■vessel, bubbles isnU appear in the body of the vessel and they rise to 
the surface with increase of temperature. These are air-bubbles dis-* 
solved in water. After a time, bubbles of steam formed at the 
bottom of the vessel while rising above towards the colder layers, 
collapse duo to condensation. This produces a peculiar ‘singing' 
eound. On further rise of temperature the steam-bubbles rise 
vigorously to the surface and boiling begins. 

If pure water, which has been previously boiled to drive away 
dissolved air, be heated in a clean vessel, bubbles will not be formed 
for some time and the temperature will rise above the boiling point. 
This phenomenon is called the superheating of the liquid. Then 
suddenly largo bubbles will be formed which will burst forth with 
explosive violence and there is a tendency for the whole liquid to be 
■thrown out. The,temperature of the liquid now comes down to its 
normal boiling point. This phenomenon is called boiling by 
bumping. 

Bumping may be prevented by introducing some rough materials, 
say, a few fragments of glass or porcelain, into the liquid, as the 
presence of the crevices will facilitate boiling. 

118 Condition for Boiling : — A liquid bods at a temperature 
at which the pressure of its vapour is equal to the superincumbent 
pressure^%,e.ihe pressure to which the surface of the liquid is exposed, 

Expts. —(1) A barometer tube (/") is filled with mercury and inverted 
over a trough (Bi of mercury (Fig. 54) The tube 
is complctclyburroundedwith a jacket (l9)through 
which steam can be passed. Introduce some 
water into the tube by means of a bent pip¬ 
ette, and^gradually pass steam into the jacket. 

As the temperature rises, more and more water 
vapour is formed at the top of the mercury 
column, which depresses the mercery column 
tmtil, if there be sufficient liquid pijesent, the 
mercury iusido the tube is at the same level as 
that in the trough. I'his means that the pressure 
•of the water vapour at the temperature of the 
steam, i.e. at the boiling point, is the same as the 
outside pressure, which is the atmospheric pres¬ 
sure ; or, in otlier words, water (or any other 
Uqmd) boils at a temperature when its vapour 
pressure is equal to the pressure on the surface 
of the hquid. 

Consulting the tabic of vapour pressures of 
water, it will be seen that the maximum pressure 
of water vapour at 100°C. is 760 mms.; so water 
boils at 100'’C. ^when the external pressure is 760 irtms.; similarly, 
■water boils at 0O°C. when the external pressure is 626’5 mms. 
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(2) Take a bent tube AB closed at B, as shown in Fig. 65. The 
small arm contains only some well-boiled water 
below which is mercury [M) which also partly 
rises in the longer arm. The level of mercury 
in the longer arm is below tliat in the other. 

Now introduce the tube into a fiask containing 
some water such that the tube is above the 
surface of water in the fljvsk. IJoil the water 
and allow the steam, which surrounds the 
lower part of the tube, to escape through an 
exit tube. In a short time it will be found that 
the mercury assumes the same level in the two 
arms, showing that the maximum vapour 
pressure at the boiling point is equal to the 
atmospheric pressure. 

119> Boiling Point depends on the 
Pressure: —From the experiments already 
described it follows that the boiling point of a 
liquid will change, if the pressure to which the ^ 
surface of the liquid is exposed, chinges. Thus water will boil at a 

temperature higher than 100 C., if the atmos¬ 
pheric pressure is higher than 700 mms. and 
similarly, it will boil at a lower temperature 
if the pressure is lowered. So, on the top 
of a high mountain, water will boil at a 
temperature lower than 100°C. 

i^l) Boiling under Reduced Ffes- 
snre. —This is demonstrated by the follow¬ 
ing experiments. 

(q) Franklin*s Expt. —Boil soihe water 
in a strong glass flask until all the air is 
expelled. Now remove the burner, and 
invert il, after it is tightly corked (Fig. 66), 
The sj^ace above the surface of water con¬ 
tains saturated water vapour. When boiling 
ceases, pouf some cold water on the flask. 

56 This condenses some vapour inside the 

flask and thus reduces the pressure over the 
surface of water; and so the water boils again. This shows that 
boiling is possible at a temperature below 100"C. by reducing the 
pressure on the liquid. 

, ( 6 ) The same result can be produced by placing a beaker con¬ 
taining some boiling water in the receiver of an air pump. On 
pumping out some air (as soon as boiling ceases), the water will again 
b© found to be boiling. 

(2) Vuriation of Boiling Point with Presaurer^A liquid can 
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be boiled at different temperatures by changing the pressure of air 
above the surface of 
the liquid. The arrange- • 
mentis shown in Fig. 

67. The liquid is placed 
in a boiler A which is 
connected with a largo 
aif-rescrvoir B through 
a Liebig^s condenser 0. 

The reservoir B is con- ^ 
nccted with a mercury 
manometer M and an 
Kir pump. The liquid 
is heated until it boils 
under a given pressure, 
and the boiling point is 
read by means of a 
sensitive thermometer t, the bulb of which is placed in the 
vapour, and not in the liquid. The reason for tliis is that liquids 
sometimes may bbil irregularly such that the temperature may rise 
several degrees above the true boiling point. The condenser conden¬ 
ses the vapour and restores it back to the boiler A. The reservoir 
B containing air is surrounded by water to keep its temperature cons¬ 
tant The pressure in B is adjusted to a definite value by connec¬ 
ting it with a compression or exhaust pump as is required for increa¬ 
sing or reducing the pressure. Take the reading of the thermometer 
when it becomes stationary after boiling commences, and record the 
manometer reading at the same time. When the liquid boils, the 
pressure of its vapour is equal to the superincumbent presi^ure which 
is indicated by the manometer M. By altering the pressure to a new 
value, a new boiling temperature is obtained. 

By this means Regnault determine^ saturation pressures of water 
vapour up to 230 C., the pressure at the, last temperature being 27i 
atmospheres, and he used this method for determining vapour pres¬ 
sures of water between SO^C. and 230 C. 

On the top of a mountain the pressure is less than that^ at sea- 
level ; so the boiling point of water there is less than 100"C. For 
example, water boils at 93'6“C. at Darjeeling, which is about 7,200 ft, 
above the sea-level; and at Quito (in S. America), the highest city 'in 
the world (9,520 ft. above the sea-level), the normal height the 
barometer is 52'3 cms. and water boils at 90'C. At the top of Mont 
Blanc (15,781 ft.) water boils at 85"C. 

It has been found that the boiling point of water decreases by 
1*C. for every 960 ft increase in elevation above sea-level, or, in other 
wPids, for a recluciton of presswe of 26 8 mms. iho bmling point 
falls by 1^0, 
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119. M Pap^in*t Digester: —The cookiag power of boiling 

water depends upon the tomperatare at which it boils ; hence on the 
top of a very high moantaia it is impossible to cook food in an open 
vessel. Bat, by inoreasing the pressure, water can be made to boil at 
any higher temperature. So for cooking food on the top of a very 
high mountain a specially closed vessel provided with a safety valve 
is used, the pressure within which can be raised to about 760 mms. 
This special 00 otrivanoe is named Dig inter. Ordinarily, by 

closing a pot with a Ud the dilfioulty of cooking, etc. can be solved to 
some extent 

B»Mn>q under increased, prensure is useful for the manufacture of 
artificial silk ; for the prepar.ation of pulp (used in paper-making) by „ 
boiling wood with caustic soda, etc. 

Boihng under diminished pressure also has its uses. For instance, 
in the preparation of condensed milk, much of the water of the milk 
is driven oEF at a low temperature in order to keep the food value of 
the milk unaltered. Sugar is also refined by a similar process. 

120. Boiling Points of Solutions :—What has been said so 
far regarding boiling points is confined to pure liquids only, such as 
water, other, etc. The law, namely, a liquid boils at a temperature 
at which its vapour pressure is equal to the pressure on Us surface^ 
is also obeyed by the boiling points of solutions ; but the vapour 
pressure of a solution at a particular temperature is always less than 
that of the pure solvent at the same temperature, so the temperature 
of the solution has got to be raised above the boiling point of the 
pure solvent before it will boil. So, (<) the boiling point of a solution 
is always higher than that of the pure solvent^ and {h) the amount by 
which the boiling point is increased is proportional to the concentrch 
tion of the solution. 

Besides the effect of pressure, the boiling point of a’'liquid is 
also nffeUed by the presence of substances dissolved in it. For exam¬ 
ple, the boiling point of sea-water is about 101:°C. while that of pure 
water is lOO^C., and it has already been said that the increase of the 
boiling point depends upon the weight of the substance dissolved. 
So. ti^ purity of a liquid can be tested by its boiling point. 

121. Laws of Ebullition :— 

(7) Every liquid has got a definite boiling point at a particular 
pressure; by increasing or decreasing the pressure the boiling point 
is raised or lowered^ 

{2) A liquid boils at its boiling point when the maximum pres^ 
sure of iU vapour is equal to the atmospheric pressure. 

(^) The temperature at wUch a liquid boils remains stationary 
until the whole of the liquid is evaporate^ 

{4) The temperature during boiling is constant so long as the 
ptn^sure is constant. A definite qmntity of heat^ known as the 
heat of vaporisation^ is absorM by unit mass of the liquid in 
ektmging from the liquid to the vapour state ai the same temp^atusn^ 
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122, Ebullition and Fusion Compared :— 

(a) The tcmperaturo remains stationary throughout each procesS) 
■v^hen the corresponding latent heat is absorbed. 

(/i) As there is super-cooling of a liquid under some conditions, 
so there may bo super-heating, that is, the liquid may be heated above 
its boiling point without boiling 

(c) Both the freezing and the boili^ points of a liquid are changed 
with pressure, though in the first case it is very small. 

(d) For both the processes there is generally an increase in 
volume. 

(fi) In the case of a solution, the freezing point of a solution is 
loweTf but the boiling point is higher th&n that of the pure solvent 

123, Change of Volume of Water with Change of 
State :—^When heated water is changed from the solid at 0 C. 
to tlie liquid state, its volume decreases upto 4'^C., after which it 
gradually increases upto 100 C., and when it is changed into steam 
at 100 C. at atmospheric pressure, its volume is increased more than 
1670 times ; that is, a cubic inch of water produces about a cubic 
foot of steam. „ The curve (Fig. 58) shows diagrammatically (not 



Temperature 

. Fig 58 

according to scale) the changes in volume when 1 gram of ice 
at-10 C. is heated to steam. The portion Ali of the curve repre¬ 
sents the expansion of ice as its tenu>eratiire increases from—10"C. to 
'O’C. The portion BC represents the, state of molting of ice when the 
volume diminishes, the temperature remaining constant at 0 C. The 
portion Cl) shows the diminutiqn in volume of water as its tempera¬ 
ture rises from 0"C. to 4'’C. when it attains the minimum volume, after 
which the volume of water increases as its temperature rises from 
4'’C. to lOO^C. at which the water begins to boil. This is represented 
by the portion IJE. The portion KF shows the state when water 
boils and changes into steam, the temperature remaining constant 
at 100°C, but the volume of the steam formed is enormously increased 
being about 1670 times the volume of water taken, The portion 
beyond F shows the increase in volume of the steam with the rise 
of temperature. 

The large expansion^ when water is turned into steam, accounts^ to 
some degree^ for the large value of ike latent heat of riipori8atiot((b^Q 
•oals. per gm. in the case of water). The required lat<mt heat alters the 
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condition of the molecules in changing the liquid state to the vapour 
state and also has to do external work in displacing the atmosphere. 
The work required for this is great as the expansion is great, and so 
the amount of heat necessary is equivalent to the sum of botik the 
types of work, internal and external. 


124. Determination of Height by Boiling Point {Hypso- 
metry ):—^The height of a place can be roughly determined by knowing 
the atmospheric pressures at the top and at the bottom of the place. 
The pressure of the vapour of a liquid at its boiling point is equal 
to the superincumbent pressure. So, by determining the boiling 
points by means of a hy psometer at the top and the bottom of any high 
place, the atmospheric pressures at both these places can be known 
by referring to l^e Regnault^s table of maximum pressure of water 
vapour. The process of determining height by this method is 
called hypsometry. The meaning of the word “hypsometer” is 
heighUmeasurer. ^ Roughly It has been estimated that there is a 
dideronce of 1 inch in the barometric pressure for every 900 fL 
change in altitude. The height can also be calculated in the following 
way— ' , 

The difference of pressures will be equal to the weight of a 
column of air of height equal to the height of the place, and of area 
equal to 1 sq. cm. The pressure and temperature of the air may 
be taken to be the mean of the two pressures and the mean of the 
two temperatures at the top and the bottom, without much error. 


Let Pi == atmospheric pressure at the top corresponding to the 
boiling point observed there. 


P8=atmospheric pressure at the bottom ; unknown height; 

ti and is'*'*temperatures of the air at the top and at the’ bottom 
respectively. 


Mean temperature, t 


2 


mean pressure, 


p-Pi+Pg 

2 • 


If Fo be the volume at N. T. P. corresponding to H c.c. of air 
at pressure P and temperature ty we have, 

278 ' * 


" 278+; 76’ 


0-001293x981, 


273+i 

The weight of this air* 

since the density of air at N.T.P.~ 0 001293 gm. per c.c. 
Again, the weight of the air column«(Ps “Pi) X 13’6 X 981, 
dnee 1 c.c. of mercury weighs 13’6 gms. 

’<0W1298 X 981»(Ps-i’i)xl3'ex981. 
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Heaoe jt,. (P«--Pi)^13‘6x(273+0x76 

nenoea Px 273 x 0001293 


cms. 


U5 


The result obtained is, however, only approximately correct because 
the assumptions are approximate. 


Questions 

1. Why should the height of water in a vessel containing ice>cold water and 

a lump of ice floating on it be unaffected when the ice melts 7 <C. U. 1933) 

2. A piece of ice is placed in a beaker. Water is then poured into the 

beaker until it is on the point of overflowing. Will the water overflow when the 
ice meltg 7 What differences will be observed in the experiment, (1) if hot water 
be used, (2) if water at 4'’C. be used ? (Pat. 1922) 

[Hints.—(1) In this case, the volume of ice diminishes as it melts, as well as 
the volume of hot-water diminishes as its temperature falls: so water will not 
overflow. (2) this case, when the piece of ice melts, the water formed out 
of It fills up the space previously occupied by the poition of ice under water, but 
as this reduces the temperature of water in the beaker, which has got the least 
volume at 4'^C., the volume of water will increase a little and the water will 
overflow.} 

3. Explain the phenomenon of regelation and describe experiments to 

illustrate it. * (C. U. 1940) 

4. It is found that a copper wire with a heavy weight at each end will cut its 
way through a block of ice, but a piece of twine will not. Explain these results. 

5. Why two blocks of ice when pressed together form a single mass 7 

, (C. U 1950) 

6. What is the effect of pressure upon the melting point 7 It what way, 

if at all. does it differ in the case of paraffin and of ice ? Explain the pheno> 
menon of regelation. (Pat. 1919; C. U. 1940) 

7. How can you demonstrate that pressure changes the melting point of a 

body and evaporation produces cold 7 (Utkal. 1952) 

8. Explain the meaning of evaporation and ebullition. Describe suitable 

experiments to illustrate their meaning. (C. U, 1914) 

Distinguish between 'evaporation* and ‘boiling*. (Utkal, 1951) 

9. State and explain the various factors that influence the rate of evapora¬ 
tion of water. % (M. U. 1950) 

10. What is the cause of the coolin^effect produced in a room, when grass 
(khat-hhcu) screen moistened with water is placed in front of the door ? 

. (C. U. 1911) 

Why a person is liable to catch cold by wearing wet clothes 7 (C. U. 1950) 

11. A glass bottle and a jug of porous earthenware are both filled with 
water and exposed to air side by side. What difference do we notice between 
the temperatures of the water in the two veesels after a few hours ? Explain 
why this happens. If there is very little or no difference of temperature, what 
conclusion may we draw as to the state of the atmosphere and why 7 

(C. U. 1913 ; e/, Ftt. 1928) 

[Hints.'—In the glass vessel evaporation takes place only over the small surface 
exposed to the outside air through the neck of the bottle, while in the other 
case evaporation takes place through the pores of the whole vessel; hence there 
is greater fall of temperature in its case. 

If there is no difference of temperaCute, it shows that the atmosphere is 
saturated with water vapour.] 
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12. DtatingttUh between evaporation and boiling, and diacuia the factoia 
governing them* 

Describe an exptTiment to show the cooling of a Jiquid b? evaporation and 
explain the observed effect. 

Do yen know of any machine>10 which the above principle has been utilised ? 

<G. U. 1950) 

13. Explain the construction and action of some kind of practical freezing 

machine that does nqc require the freezing mixture. (Pat. 1931) 

14. Write a note on ‘Refrigerators*. (U. P. B. 1947) 


15. How wouldSyou find out whether a space is saturated or not ? 

(C. U. 1929, ’32; Pat. 1931; Dac, 1931) 

16. What is meant by maximum vapour pressure of water vapour ? 

Describe an experiment to determine it from the laboratory temperature up 
to 100 C. (C. U. 1921; cf ‘If*. .17, ’24. ’34 ; c/. Dac. 1931 » G. U, 1952) 

17. Two barometers stand side by side. A few drops of water are 
introduced into the vacuum of one and a little air into the other. What 
would be the effects on the errors of the barometer readings thus produced 
for (o) a change in tne atmospheric pressure, (6) a change in temperature. * 

, (C U. 1909) 

18. What IS saturated vapour pressure ? Under what conditions is a 
vapour able to exert such pressure ? What happens when unsatutaced vapour 
IS compressed till further compression is impossible ? 

If water hods at 99°C. when the pressure is 733 mms. what is the saturated 
pressure at 101'C. ? Explain briefly. (Pat. 1929) 

[Ana, 760-i-(760 - 733)=787 mma ] 


19. Distinguish between saturated and unsaturated vapours and discuss 
their behaviour as regards changes contemplated by Boyle’s and Charles’ laws. 

, ^ , (Pat. 1931/42.) 

20« Desctibe the behaviotirs of saturated and unaatutated vapours when the 
pressure exerted on them is varied. ((7. U. 1952) 


21* Explain how the maximum tension of aqueous vapour is determined at 
temperature below and above the normal boiling point. 

^ (C. U, 1932; Utkal, 1952) 

[For determining the maximum tension of aqueous vapour from 0°C, to SO'C* 
vide Art. Il2 (Fig. 52), and from SO'C. upwards, vida Art. 119 (Fig. 57)]. 

^ Water it sprinkled m a room cortaining a barometer. State how will 
the barometer be affected under the following conditions— 


(at) The dooti and windows ate closed and the room is gradually heated. 

(5) The room is heated but with doors and windows open. (Pat. 1916) 

23. Into a cylinder exhausted of air and provided with a piston, there is 
introduced just enough water to saturate the space at SO^C. Describe what 
happens under the following conditions— 

(a) The volume of the space is incmsed by pulling up the piston. 

(h) The volume is diminished by pushing the piston down. 

The Tolanie temeiDint u at fint, ch. tenpeieture i> inaeued to 


(dl) The temperature lalls to lire 


<C U. 1910, *23. »24) 
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^ 24. 50 C.C. of a gas are collected in an inverted tube ovei watet. The 
height of the barometer ii 77 cm$, the temperature of the room *• 1TC» 
and the water level inside the tube is 7'6 cms. above that outside. What ia 
the volume of the dry gas at 0°C. and at 76 cma. preature. The mazimuxn 
pressure of aqueous vapour At 17^C. is 14*4 mma. 

[Ana. I 46’5 c.c.l 

25. Eounciate Dalton’s laws of partial pressure. 

(All. 1920 { Pat. 1926, ’40) 

26. A mass of air is saturated with water vapour at lOOX, On raiaiof 

the temperature TOO'C. without change m volume, the mixture exerts a 
pressure of 2 atmospheres. What was the presEure due to a r alone in the 
initial condition ? (Pat. 1938) 

[Ana.: 438*6 mms,] 

27. Distinguish catefully between a gas and a vapour, 

^ [Pat 1926, ’44; C. U. 1927 ; Utkal, 1951) 

28. Describe an experiment to show that the vapour pressure of a liquid 
exposed to air at its boiling point is equal to the atmospheric pressure. 

(C. U. 1915 ; Pat. 1931; G. U. 1955) 

29. Explain the statement, “the vapour pressure of a liqu d at itt boiling 

point is equal to the superincumbent pressure.” How is this verified 
experimentally 7 (C, U. 1952) 

30. Distinguish between boiling and evaporation. Wbat conditions deter> 
mine whether a liqiad will boil or evaporate 7 

• (C. U. 1914, ’25. ’41; Pat. 1928, ’41, *44 ; cf. Dac, 1931) 

[Hints.—A liquid evaporates as long as the vapour pressure at the tempera¬ 
ture ot the liquid is less than the atmospheric pressure, and it boib when these 
two pietiuiea are equal ] 

31. Explain how a knowledge of the boilingfpoint of water would enable 
you to determine the barometric pressure. 

Into the Toricelhan vacuum of a baroiaeter, water is introduced drop by drop 
till some water is left over. From the depression of the mercury column it is 
p. possible to determine the temperature of the room. How ? (C» U. 1913, ■^) 

[Hints.—A liquid boils when its vapour pressure is equal to the superin¬ 
cumbent pfessure. Knowing the boiling point we can bnd out the vapour 
pressure from the Kegnauic’s table which will be the same as the barometric 
pressure. 

From the depression of the mercury co^jmn the maximum vapour pressure 
at room temperature is known. Now by»consulting Regnault's table, the 
temperature correaponding to this vapour pressure, is known, which is the same 
as the temperature of the room.] 

• 

32. Why docs it take a longer time to cook food on the top of high 

mountaioa? At Darjeeling the barometric height is found to be about 23^ 
only. At what temperature will you expect water to boil there? (Pat. 19 19 ] 

[Hinta,—There la a change of •0*04'’C. in the boiling point lor a change of 
1 mm. (or 0 04 inch) in pressure.] 

[Ana.; 93°C.] 

33. Define boiling point of a liquid. Describe suitable experiments to show 

that water can be made to boil at temperatures greater or lesa than 100®C. At 
Darjeeling the barometnc height is about 23 inches. If there la a change of 
0*04'C. rn the boiling point of water for a change of 1 mm. of Hg., at wnat tem¬ 
perature will water boil there ? {Dac. 1942) 

92’97’C.] 
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34. Deane boBlnipotolol.lismd. Deectibe euitable mpbI;^ » tho* 

riiat watet can be made to bml at temparatuteB j53q^ *41. 1533) 

35. Se«. the leer, of boiIin(. Ho» i. it fhtt thmt. cannot be cootod 
propexly on high mountaini 7 How can water be made to boil at any temperaww 
above lOO’C. ? 

36. Heat is continuously applied to a mass of ice 8t-*10°C, until it bccomei 

■team at 100'’C. If cbe temperature Is taken at intervals oi tune and a graph u 
plotted of toe temperature against time, what would be the shape of the 
curve obtained ? Give reasons for this. (Pat. 1935; C. LJ. 1922) 

37. Explain how you ace able to determine (apptoKtmately) the height of a 
mountain by finding the boiling'points of water at its top and bottom. 

(C. U. 1945 : ef. Pat. 1943) 


CHAPTER vn 

HYGROMETRY 

125. Hygrometry :—Aqueous vapour is m3re or less always 

E resent in the atmosphere ; for, evaporation takes place constantly 
rom the surface of water such as from the seas, rivers, lakes, tiie 
moist earth, the vegetations, etc. Hygrometry is that part of Physics 
which deals with the measurement of the amount of aqueous vapour 
present in a given volume of air. The formation of cloud, mist or 
fog, dew, etc. proves that water vapour is present in the atmosphere. 

On a warm damp day the outside of a tumbler of cold water soon 
becomes covered with dew owing to condensation of water vapour' 
from the air. , 

It has also been observed that on a cold night water vapour 
condenses on the inside of the. glass panes of a sitting room window. 
The room receives water vapour from the breathing of the persons in 
it, but this vapour cannot saturate the warm air of the room. The 
glass of a window being thin is cqoled to a lower temperature by the 
cold air outside. The air in contact with the glass is cooled to a 
low temperature and becomes saturated with water vapour 
which is condensed on the glass. This shows the existence of water 
vapour in the room. 

126. The Dmjo Point :—Ordinarily fhe quantity of water vapour 
present in the atmosphere is not sufficient to produce saturation, 
and so the pressure exerted by tie vapour is less than saturation 
pressure at the existing temperature; but the same quantity of vapour 
may bo sufficient to produce saturation at a lower temperature. H 
the air in a locality ^ cooled down, the pressure remains constant 
and is always equal to the atmospheric pressure; the air oontraote 
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^ volume and more air enteis from the surrounding regions, but (be 
pressure does not change. In cape of the aqueous vapour in the air, 
tile same statement is •true as long as the air is not saturated. This 
pressure also remains constant until, on cooling, a temperature is 
reached at which the air becomes saturated ; the pressure of the 
vapour at this temperature is the same as it was originally. If the 
air be farther cooled, some of the vapour gets condensed as moisture 
and so the pressure falls. The temperature at which such condensa¬ 
tion starts is called the dew-point, and the saturation vapour pres¬ 
aw e at the dew-point is equal to the pressure of the aqueous vapour 
under the original condition, 

n D^inition.—The temperature at which a mass of air is satura¬ 

ted toith the aqueous vapour it contains is called the dew-point. 

It is clear from above that the pressure of aqueous vapour may 
be found^by determining the dew-point and then finding from the 
Regnault’s table of vapour pressures the saturation pressure at that 
temperature. 


Relative Humidity —For meteorological work, the dsgree of 
saturation c?f the atmosphere is more important than the actual 
amount of water vapour in the air Tins is known as the Relative 
Humidity or the Ilygrometric State of ths Air, Relative Humidity 
may be defined as— 

the mas^ o^atervapour actually p resent in anv volume of air at t°0. 
the mass ot wattr vapour necebsary to saturate the same vol. at t O- 
_1^9^ure of water vapour actually prese nt m the ;or at fO .^ 
pressure of water vapour necessary to saturate the air att“Cl* 


( 1 ) 

( 2 ) 


_ saturation v a pour pressure at the dew-point _ 

saturation vapour pressure at the temperature ot tne ait* 


(3) 


Relative Humidity is generally expressed .i percentage and is 
calculated by aiiplying eith(*r of the expressions (1) and (3). 

That is. Relative Humidity (R.^.) 


_m a 9 a of w ater vi pour actually present in a n y vol. of air at TO X 100 cent. 

mass ol water vapour necessary to saturate the same volume at t (' 

_ saturation vapo ur pressure at dew-pointX 1^0 cent. 

""satutatxou vap lur prebsure at air temperature (*‘0) 


*[Water vapour obeys the gas laws fairly well even upto the satu¬ 
ration stage. Suppose the (partial) pressure of water vapour m a 
volume V of air is p. If the absolute tempei ature of air is T and 
the mass oE water vapour present in volume V of air is m, we have 


m 


S5 • • • 

KT 


(1), where K corresponds te 


unit mass of water vapour. Let P be the saturation vapoor pressure 
of water at the same temperature as that of the air. Assuming the 
equation to be still true, the mass {M) of water vapour which is 

29 
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Inquired ‘to saturate the air at the given conditions will be given by^ 

. — (2h 


Dividing (1) by f2), ^ 

A table is given below wherefrom it will be actually foimd that 
the water vapour in a given volume of air is nearly proportional to 
the pressure it exerts, where m represents the mass of water vapour 
necessary to saturate one cubic metre of air at the temperatures shown 
and p the saturation pressure of water vapour at those temperatures.] 

Absolute Humidity is defined as the mass of water vapour ' 
actually present in a given volume of air. This is generally expressed 
as the mass of water vapour in grams per cubic metre of air 

Sjomjple.'—On a ceftota dlfly dev/^poitU wot found to bp 12^C , whtn (ho 
imporaturo of (ho air woo 26^C. CaUsulato (ho rtdadm humidity of tho air. 

By coxifultiag the table of vapour pressures it will be seen that the saturation 
ptetauxe of aqueous vapour at l^C.wlO 51 mnis.. and at 16'’Q,= 13 62 mms. 

Relative humidity 


MASS AND VAPOUR PRESSURE TABLE 


Temperature (°C.} 

0 

5 

10 

15 

20 

25 

Maes m in gma. 

4*9 

6-8 

94 

12-8 

/ 

172 

« 

228 

Pressure p in mm. 

4*6 

6-5 

9*2 

12‘H 

17 5 

237 


127, Dryness and Danipness :—Our sensations of dryness or 
dampness do not depend only on the actual quantity of water vapour 
preseniy but also on the quantity of'Vapour necessary to saturate the 
air at that temp^ature. It is on the ratio of the ahnvf> two quantities^ 
tje. on the relative humidity^ that our sensations of dryness or damp¬ 
ness chiefly depend. It is found that on a cold misty day in winter, 
when the air seems to be quite ‘damp^ the actual amount of water- 
vapour in a given volume of air is often less than tliat on a hot day in 
lummer w'hcn we feel the air is ‘dry*, because in the former case the 
amount of vapour the atmosphere contains is a larger fraction of the 
amo^t required for saturation. The dampness or dryness of the 
air is judged by the rate at which evaporation goes on, and 
depends upon how fq/r the air is from the saturation state^ %,e. 
how much more vapour it can take up, tmd does not depend only 
upon how much water vapour die air already contains. 
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Things such as wet clothes will be dried more quickly when the 
relative humidity of the atmosphere is low, because in such coses the 
atmosphere can readily take up more water vapour. Also the 
evaporation of moisture from such things as wet clothes wiU be more 
rapid if the air in contact with them is constantly renewed. 

The ventilation of buildings is necessary for two reasons—^to 
remove the carbon dioxide exhaled by us and also to remove the 
water vapour evaporated from our Jungs and bodies. 

Our bodies are constantly emitting water vapour, and this fact is 
" very important from the standpoint of health. We know how difficult 
it is to work in a stuffy room. This is because the air in the room 
4 contains a lot of water vapour ; that is, the air is nearly saturated 
with moisture due to which normal evaporation from our skin cannot 
go on, and this produces a feeling of uneasiness. 

This is particularly the case when the temperature of the atmos¬ 
phere is high, as the feeling of easiness depends upon evaporation 
from the body so that its temperature may not rise above the normal 
value. Hence ii^India the weather near about Bengal during the wet 
season is mose oppressive than that in other parts where the tempera¬ 
tures may be even 10 to 20 F. higlicr, because the atmosphere is drier. 

If tlie relative humidity of air is about 100 per cent, we perspire 
and the weather feels sultry and very oppressive. 

Relative humidity is determined regularly at meteorological sta¬ 
tions, because it affords information as to tlie likelihood of rain. We 
can expect rain when air contains a considerable amount of water 
vapour. This damp air is Lighter than dry air, because water vapour 
is lighter than air. The density of water vapour relative Ij dry atr 
is 518. • 

The record of the relative humidity is useful to the Public Health 
Department as ceitain diseases thrive in damp atmosphere. It is alse 
important for ceitain industries ; fd|j example, cotton weaving and 
spinning can be condu<;ted satisfactorily only when the air is compara¬ 
tively damp. For this reason tlie damp climate of Lancashire has 
been found suitable for tlie develt^imcnt of the cotton industry. 

128. The HvgrometerM :—^Hygrometers (Gk. hygroe, wet+ 
metron, a measure) are instruments used for the determination of the 
hygrometric state of the air at any place and time. The hygromekic 
state is given by the relative humidity. 

The hygrometers can be divided into the followir^ classes— 

( 1 ) B^^ometer.- {fj, 

(2) Wet and Dry Bulb JSygroimier. 

(3) Chemical Hygrometer. 

(4) Hair Hygrometer. 
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(I) Oew-point Hygrometer *,— 

(a) DmdeWs Hygrometer. —It consists of 
two bulbs A. and B (Fig. 59) bent downwairds 
connected by means of a wide tnbe. One of the 
bulbs A contains other, and the other bnlb B 
witib the tube connected to it is fall of ether 
vapour, the air having been expelled before the 
apparatus was scaled np. There is a delicate 
thermometer t inside the bulb A containing ether. 

The bulb is silvered, or gilt within, while the 
other is covered with muslin. Another thermo¬ 
meter T placed on the stem G indicates the tem¬ 
perature of the air. 

To determine the dew-point, some ether is Fig. 59—DsnlcU’s 
poured on the muslin which, on evaporating, cools , Hygrometer, 
the bulb and condenses a portion of the ether vapour inside. The 
pressure inside being thus reduced, ether from the other bulb A eva¬ 
porates, and so it becomes colder. The temperature is reduced until the 
dew-point is reached. The temperature of the therm^^metcr inside the 
bulb is noted as soon as the first fihn of dew appears on,the silvered 
surface. The cooling process is discontinued by allowing the muslin 
to dry up and again the temperature is noted when the film just dis¬ 
appears. The mean of these two temperatures is the dew-point. 

Sources of Error. —This form of hygrometer is rather defective 
for the following reasons—(/) Ether evaporating outside B contami¬ 
nates the air and this aflPects the liygroinctric state of the air ; {li) It 
is rather ditficult to obs<'rv(‘ the exact moment of appearance or dis¬ 
appearance of dew as there is no e.omparison standard ivide Regnault's 
hygrometer); (^«) Inside the bulb A, ether evaporates mostly at the 

surface of the liquid, which is thus 
cooled more rapidly than the interior 
ayfd thus actual dew-point is not 
observed, {iv) Because glass is a bad 
conductor, tf^mperature outside A is 
not tbs same as that inside. 

Precaution. —With any hygrome¬ 
ter, observation ought to bt; taken 
either {t) by a telescope, or (/*) by 
placing a piece of glass between the 
observer and the apparatus, so that 
the result may not be effected by 
the heat from the body or breath. 

Fig. 60 — Re|n*ult’« (5) Regnault’a Hygrometer .— 

Hygrometer. •phis jg a better form of hygrometer. 

This consists of a test tube having a side tube (Fig. 60), the lower 
• part of the test tube being made of silver. The mouth of the tube 
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is closed by a cork tbrough which passes a delicate thermometer T. 
A glass tube A also passes down through the cork nearly to the 
bottom of the tube. 


To work the instrument, some ether is placed in the test tube. 
The side tube is connected to a vertical brass tube, which again is 
connected to the rubber tube C with an aspirator. The vertical brass 
tube is supported in a clamp. A second glass tube similar to the first, 
fitted with a thermometer t inside it, is also mounted by the same 
support By opening the aspirator, which is full of water in the begin¬ 
ning, a current of air is drawn through the tube it/’ which causes rapid 
evaporation and suiiicient fall of temperature to condense the water 
vapour on the outside of the silver tube E. The temperaturc is 
noted and the aspirator is shut off when dew is first observed. 
Condensation of water vapour is ascertained from the loss of bright¬ 
ness of the surface E. The temperature is again noted as soon as 
the dew disappears. The mean of these two temperatures is the 
dew-point. The aspirator must not be placed too close to the 
hygrometer, for tlie water released from the aspirator may then 
alter the humidity of the space around. The other tube is not an 
essential palrt of th(‘ instrument, and serves only as a standard of 
comparison of brightness of the two silver surfaces E and F, The 
thermometer I inside the otlier tube gives the temperature of the air. 


The relative humidity is then given by, 

tt • _ saturation vapour press, at the dew-point 

Relative Humidity--—- — - -- . -- “T7'/-»TTlir ~ 

satui’atioii vap. press, at the temp. \l 0 ) of the air 



Advantages of RegnauWs Hygrometer .— 

(/) By regulating the flow of water of the aspirator, the rate of 
evaporation of ether in the tube can be better controlled than in 
the Daniell's Hygrometer. 


{ii) Silver being a very good conductor of heat, the temperature 
of the ether, indicated by the thernwmeter, is practically the same as 
that of the silver surface which is \ d ircct contact witli the ether 
and the atmosphere. 

{hi) The presence of tlie dpmmy tube facilitates the observation 
of the appoaxance and disappearance of dew on comparing the bright¬ 
ness of the two silver surfaces. 

{iv) The continuous agitation of ether by the bubbling of air 
through it keeps the temperature uniform throughput its mass. 

(r) Observations being taken from a distance by a telescope, the 
result is not afFect^*d by breath or heat from the body. 

( 2 ) Wet and Dry Bulb Hygrometer. — Masou^s Hygrometer 
or Pftychromeier ).—^The humidity of the atmosphere can also be 
judged by observing the rate of evaporation. When the atmosphere 
is dry, evaporation goes on more rapidly than when it is nearly 
saturated. Depending on this principle, the Wet and Dry bulb 
hygrometer is constructed. 
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It is s reUablfi apparatus used for the determination of relahve 
humidity without necessitating the dew-point to be determined. 

The hygrometer consists of two mercury 
thermometers, placed vertically side by 
side on a board which can be hung up 
against a vertical wall; the bulb of one of 
the thermometers is covered with muslin, 
which is always kept moist by dipping its 
free end into water contained in a small 
vessel (Fig 61). The continuous evapora¬ 
tion from the wot bulb keeps its tempera¬ 
ture always lower than the other thermo¬ 
meter which is quite dry. The difference 
between the two temperatures indicates 
the humidity condition of the air. The 
drier the air, the quicker* is the evapora¬ 
tion and the more rapid is the cooling, and 
so the difference between the readings of 
the two thermometers will be great and 
hence the dew-point will Oe low. When 
the difference is small, it indicates that 
evaporation from the wet bulb is very 
slow, and this is due to the presence of 
considerable water vapour in the air and 
Pig. 61—Dry and Wet Bull) hence the dew-point high. If the air is 
Hygrometer. already saturated, no evaporation will take 

place, and the two thermometers will give the same reading. 

Determination of Relative Humidity .— 

(a) By Tablet . —^The dew-point and relative humidity can be 


Pig. 61—Dry and Wet Bull) 
Hygrometer. 



5 

) 

6 

40 

3 1 


3-5 

50 

40 

55 

4'6 

61 

50 

66 

5-5 

7*3 

60 

80 

6-7 

86 

75 

9-4 

81 

10-2 

8*8 


The first column gives the temperature (t”C) of the dry bulb ther¬ 
mometer, and the second column the corresponding vapour pressure 
of watw in millimetres. The numbers 1, 2, 3, etc. at the top of the 
other columns indicate the aifferenoe of temperatures in degrees 
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centigrade between the dry and wet bulb tbbmometerB. The nee of 

fite table be clear from the example given below. 

Example. Tht rtadinff c/ a dry buib ihermameter ia IS^O. and that^dka 
atfat bulb WO. Find iha rOtdiva humidity oj tha air, and daw-i^eml. 

The difference m dry and wet bulb temperatures a* 18—16<—2“C. 

In the first oolnmn. we find IS^C. and on the same level in the second 
column we find 15'4. Then 154 mms. is the vapour pressure at 18®C. Now at 
the same level in the column headed ‘*2”—the difference of the two tempera¬ 
tures. we find 12 5. Then 12*5 mms. is the vapour pressure at the dew-point. 

Hence the relative humidity—j^—081, or 81 per cent. 

The dew-point is the temperature at which 12'5 mms is the saturation 
vapour pressure. From the second column we find that 12*7 mms. is the 
vapour pressure at 15 C. and 119 mms. at 14®C, So the dew-pomt is a litUe 
below 15°C. We observe from the table that there is a change of 0*8 mm. 
in the vapour pressure for a change of FC. in temperature from 14® to 15® ; 
so, for an increase ot (12 5-11*9) mm. in vapour pressure, the change in 
temperature:* (0*6) /O 8 * 0 75®C, 

The actual«dew-point IS (144-075)—1475®C. 

(b) By Formula. —^The relative humidity and dew-point can 
also be calculated by determining the pressure / (in mm) of aqueous 
vapour from the iormula,/'^ jF’—O’OOOTT (i —l')x jBT, where t is the 
reading of the dfy bulb and t' that of the wet bulb thermometers on 
the centigrade scale, F the saturation pressure of the aqueous vapour 
at f G. and H, the atmospheric pressure {in mm) 

( c) By Glai»her*8 Formula. —^The dew-point can also be de¬ 

termined from the Glaisber’s Formula. If dew-point, then 
t — — where F is the Glaisheris factor. 

The following table gives the values of the Glaisheris Factor 
corresponding to different Dry Bulb (D. B.) temperatures— 

GLAISHER’S FACTOR TABLE 


D, B. Temp. 

Glaisher’s 

D. B Temp. 

Glaisher’s Factor 

®C. 

Factor (F) 

®C. 

(F) 

4 

782 

\ 12 

199 

5 

7*28 

14 

192 

6 

f*62 

16 

1*87 

7 

5 77 • 

18 

183 

fi 

4*92 

20 

179 

9 

404 

22 

175 

10 

2*06 

24 

172 

11 

202 

26 

1*69 



28 

167 



30 

l*o5 



32 

163 « 



34 

T61 



36 

T59 


(3) Chemical (or Absorption) ffygrometer^The mass of 
water vapour present in a given volume of air can be measured 
directly in the following manner-— 
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The appara^ consWof an aspiratior A (Fig. 62) hlled up with 
water and provided at the bottom with an outlet tap. It is connected. 

with a bottle /I, called 
the trap bottle, con¬ 
taining concentrated 
H 2 SO 4 , which is con¬ 
nected successively to 
the drying U-tubes 
C and B filled with 
phosphorous pentoxide 
or anhydrous calcium 
chloride. The thermo- 

meter placed near the , 
Fig. 62-The Chemical Hygrometer. Open the tube D ’ 

registers the temp, of the air. In an expt., the tubes C and D are de¬ 
tached and weighed (TFi). Water is then allowed to rvii out from the 
aspirator by opening the exit tap whereon a slow current of air is 
drawn into the aspirator. When a considerable amount of water has 
passed out, the tap is closed and the water level in the aspirator 
marked. The tubes C and I) arc taken out and weigh<?d again ( 1 ^ 2 ). 
The difference in the two wts, given the quantity of moistnre absorbed 
from the air at a certain temperature. In the second part of the expt. 
a tube charged with pumice stone soaked in water is then connected 
to the tube D. The aspirator is again filled up with water upto the 
same level as in the beginning of the first expt., the tap opened and' 
water allowed come out till its level again falls as before. In this 
case, the same volume of air saturated with water vapour is sucked in. 
The wt. of the tubes C and D is again taken (TFs). The difference 
between the second and the third weights gives the mass of mointure 
absorbed from a ntgual volume of saturated air at the same tempe¬ 
rature, Then relative humidity 



f 

(4) Hair Hygrometer .—^Thc principle of the Hair Hygrometer 
is very simple. Hair when moist sligl^tly increases in lengte. This 
change of length witli moisture is utiiis- 
ed in the working ot this hygrometer. 

A fine hair formerly treated with 
caustic soda solution so as to be 

free from grease and then washed and yX. V 

dried is stretched as shown in Fig. 63. • \ p ^ 

Its one end is fixed at Fj while the ^ \ / 

other end passing ultimately round a V p / 

grooved wheel F is attached to a 

sipriug & which keeps it taut Wlien s 

the,le^th of the hair increases, the Fig. 63- Hair Hygrometer. 

grooved wheel moves a ‘pointer P 
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attached to it over a scale which gives the relative humidity values 
directly, being previously calibrated by comparison with a standard 
hygrometer. , 

The advantage of the instrument is that it roads the humidity 
value directly when simply put in an enclosure. 

129. Mass of Aqueous Vapour {Mass of Moist Air) .-—-It is 
often required to find tlie miiss of water vapour present in a given 
volume of moist air. Assuming that the vapour obeys the gas laws 
and knowing that the density of water vapour compared with that of 
air is 5/8 {or 0'62) at tlie same temperature and pressure, the mass of 
a given volume of moist air can be calculated as follows : 

d Suppose we want to find the mass of 1 litre of moist air 
when the height of the barometer is F mni. and the vapour pressure 
obtained from dew-point observation is f inm. According to Dalton's 
laws, the pressiire*of the .air alone is (P— f) mm. The volume V of 

1 litre reduced to N.T.P. becomes r= 1 x x * litre 

275-1-f 7b0 


The mass of i^litrc of air at N.T.P. is 1’293 gm. 

MasB*(wi) of F litre of air at N.T.P. [which Is the same as 
1 litre at t°C and (P-/) mm.j=l‘293x~J|l^x gm. 


Again, the pressure of water vapour is t mm.; hence its mass 

ft« »*» 


The mass of 1 litre of moist air=?«i +/«2 

=r293 X ^ 

•‘273 


273 X 1*293 X X ^~gm 

.273+< 7(i0 760*^ 


=1*293 X 


\ 76( 


2734-iV 760 

=1*293 X 

273760 ^ 


( 2 ) 


Examples. —{!) Find the ma$$ of a litre of moiai air at 32'C. and 758 2 mm.. 
the dewpoint betng 15"V. The max^num preeeure of aqueous vapour at 32^0, 
i* 12'7 mm. 


The whole gaseous mass may be divided into two portions,—one litre of dry 
air at 32°C. and (758'2—127> mm. or 745‘5 m.m., and one litre of water vapour at 
32°C. and 127 mm. ief. Dalton’s law). 1 litre of dry air at 32°C. 

and 745 5 mm reduced to N.T.P. bccome8«*lX;;5j^!^^X^^5 litre. 

273+32 760 

The mass of this air8*1*2931*1352 gm, since 1 litre of dry air 

305 760 

weighs 1*293 gm. 

The mass of aqueous vapours^ xr293xf^fx^^s: 0 0121 gm. 

8 305 760 

The mass of 1 litre of moist air=:1*1352-^0*0121»1*1473 gm. 
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(2) A mbio mefr« »f tn* at 30^0 af which tha relative hwmidUy^ *$ 0'8 i$ 

coated to 3^C. Find Ifce quantity of vapour which wiU be oondeneed into 
The maaimum preeture of c^maue mpvar at S0°O,^31'6 nan. and at S O, 
!=6'Smm. t 

R.Utive humidity = "* “■ 

mass ot vapour aecessaz; to saturate 1 cu. m. at jU U. 


0 -8* 


m 


5 ylpOly 

.^^^760 ^303 


.whence m=22'9 gm.*ma88 of vapourprcient 


Again, mass required to saturate 1 cubic metre of ‘air at 5 

IX 1293X^JrX^-^f gm. (say) =6'8 gm. Vapour condensed = 

8 760 278 

gm. = (22'9—6‘8) gm.=16‘l gm. 


(3) If 200 gme, of water are ecilected to evaporate in a room eontaminy 30 
cubic metree of dry air at 30^0, and 760 mm, what wiU be thfl rdative humidity of 
the air in the room ? 

If/be the pressure of the vapour formed, we have (aee Ez. 2). 

200*=50x?Xl293x.,4Xn4^ f /=4*17 mm. The maximum 
o /oU 273 + 30 % 

4“1T 

pressure of aqueous vapour at 30'’C. is 31*6 mm. R. H.= 5:|^=013. 

31*6 


(4) TheUmperOture of the air in a closed epaee ie obeerved to be 1S°C , and 
the dew point S'C! If the temperature falls to 10'(J.. how will the dew-point be 
affected? (Pres of aq. vapour <n mms. of mercury at 7 C , = 7-48; at 
ro 02) (Pat 1925, '31, '40' '41.; G. U. 194$) 


If the volume of the space be reduced, then, when the space is'saturated 
with vapour, some vapour will be condensed but the pressure will remain 
constant, and if the space be not saturated, then there will be no condensation 
on reducing tbe volume, and pressure will be increased instead of remaining 
constant. * 

As it is a closed space (Ie. volume is constant), the pressure is proportional 
to the absolute temperature. 

. Press, at 10“C._(l()4-273)_283 

•’ Press, at IS^C. (fo+273 ) 288* 

But tbe pressure at 15°C. =msximum pressure at 8°C. (the dew-point) 
«802 mm. ^ 


Press, at 10°C. »8‘02X??? 

286 


=7’88 mm. (approx.) 


Now, a temperature is to be found for which 7‘88 mm. wilt be the maximum 
pressure. That temperature will be the dew-point corresponding to lO^C. 
'From the date given it is seen that for a change of 1°C. in tempereture there is 
a change of (8*02-7'49) or 0*53 mm. in pressure. 

Therefore for (6 02—7*88) or 0'14 mm. change in pressure^ the change in 
temperature(approi.). So, at 10°C. the dew-point is lowered by i *C. 


1 30. CondenBoHon of AqueouB Vapour The condensation 
aqueous vapour in the air gives rise to the formation of cloud. , 
Tain, sleet, snow, hail, frost, tog or mist and dew. 
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(a) CloudSy raitit snoip, hailt frosty or hoar^ 

iVort).- 

Cloads—^Due to constant evaporation from the water-covered 
^reas of the earth's surface, the moist earth and the vegetations, 
the lower layers of the atmospheric air are always charged with 
water vapour the quantity of which differ from one re^on to another 
due to local conteons, temperature, etc. The moist warm air, 
saturated or unsaturated, being lighter than dry air, rises to higher 
levels where the pressure is less. The^ tempei-atures of the higher 
layers arc also lower and lower, the higher the layers are, till the 
limit of the troposphere is reached. The rising moist air is,gradually 
cooled down by expanding to lower and lower pressures, and also 
auc to the temperatures of the higher and higher layers being lower 
and lower. If the moisture-laden air is cliilled below the saturation 
point, the excess * of moisture is deposited into tiny droplets at some 
height. Clouds are nothing but formations of such droplets 
floating in the air. They remain stationary or may be moving with 
the wind. 


Clouds show a great variety of forms. The variety is due to 
differences in the conditions under which the ‘ clouds are formed. 
When a big column of warm moist air ascends into the upper colder 
air, a region of condensation at the lop of the ascending column is 
formed with a copious supply of vapour and we have a form of 
clouds known as cumulus clouds. When cui-rents of moist air 
at different temperatures meet, the layers in contact may become 
regions of condensation and clouds of the stratus type appear. 

»■ When the clouds are formed at great heights where the tJ^mperature 
is very low, the droplets in the condensed phase may be turned 
into tiny ifie crystals forming what are known as cirrus clouds. 
The dark rain-clouds, known as nimbus clouds, are nothing but 
very dense cumulusMke formations at comparatively lower heights. 

Rains—^If the lower layers of thoVitmosphere are saturated with 
water vapour, the small cloud particles in the condensed phase may 
collect into drops by coalescing with each other and fall by gravity as 
rain. As a rain drop falls, water vapour in the succee^g layers 
condenses on the cold drop which thus grows in size as it falls. The 
«^o,ps vary in size, and so is the velocity of the fall, for ^ey pass 
through viscous air. 

Sleet—the falling rain freezes before it reaches the ground, 
it is called sleet. 

Snow—the cold at a layer of the saturated atmosphere is 
sufficiently intense to freeze the minute particles before they collect 
into rain drops, as fall of snow takes place. 

Hail—^If the rain drops already form, and are then frozen, the 
result is hail. Dae to violent air ourrenta accompanying thunder- 



460 


INTEBMEDIATE PBT6IOS 
% ^ 

storms, the condensed moisture is carried up and down through* 
region of snow and rain and so hail-stones with alternate layers 
of white snow and clear ice are formed. 

Hoar-frost— If the temperature of^ the earth's surface and of 
the objects on it rapidly fall below QtC. before the air reaches the 
dew-point^ the water vapour in contact wth the surfaces directly 
turn into ice crystals and are fast deposited as frost or hoar-frobt. 
Thus the frosting of surfaces is caused by direct freezing of water 
in contact and is not due to frozen dew. 

(6) Fog {or mist). —^The distinction between /bp.9 and mi&tft 
is in the degi'ee of condensation. Thick mist is fog. Fog or mist 
is a cloud formed at or near* the earth's surface. The cloud is 
formed by the condensation of water vapour in the air on hygros- 
copitt partides of dust or ditt. Ordinary dusts do uot servo as 
condensing nuclei—they must be approiJiiate particles. Thus in large 
towns and industrial areas, dotted with smoking chimneys, the 
dense fogs that are formed are due to eondcnsatioii of water vapour 
on particles of soot and other particles of dirt, '^f^ough clouds are 
formed much above the earth's surface and a fog or mist on or near 
it, the mode of fog formation is practically the same as tliat of a 
cloud, the diflerence being only in that in the formation of fog the 
moisture-laden mass of air must be at rest or at most in very slow 
motion, while in the ease of clouds it need not be so. A log is more 
stationary and fixed in form than a cloud. 

The vapour-laden air must be cooled below the dew-point for the 
fog or mist to appear. When warm saturated air comes in contact 
with a mountain top which is very cold, the air is cooled below the 
dew-point and the mountain peak is enveloped with a thick mist. 
During a cold still night, cold air runs down a hillside into the valley 
and may so cool the air in the valley that its water vapour condenses 
into a thick Such mists,, often begin to develop over damp 

meadows or marshy lands afteC sunset and fill the whole valley by 
early morning. A mist like this is quickly dispersed with the rising 
of the sun. 

Fog generally disappears before noon. For, the atmosphere 
warms up and tends to be unsaturated when the condensed phase 
re-evaporates and the fog disappears. 

(C) Dew. —During tiio day, the air in contact with objects 
which are heated by direct radiation from the sun, is charged with an. 
amount of water vapoim which remains unsaturated duo to high 
temperature. During the night, cooling takes place and objects 
which radiate their heat well, cool below the temperature of' the 
surrounding air and in consequence, the air in contact with them 
becomes satumted with ^ the vapour it contains. With further 
cooling, a portion of the vapour is deposited as dew on the surfaces 
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pf the cold bodies. Green plants are good radiators o! heat; so dew 
is deposited copiously on green leaves and grasses. 

The conditions favouring the formation of dew are (0 o dear aky 
for free radiation from tKe heated objects ; [it) almnce wind in 
order that air in contact with any object may remain there to be 
cooled below the dew-point; [iH) the objecte on which dew will be 
formed must be (1) good rarHnlora bo that they may cool rapidly, (2) bad 
nonduriora so that thoir loss of heat by radiation may not be com¬ 
pensated for by a gain of heat from the earth by conduction, (3) 
plofpd near the earth —if situated very much up above the earth's 
surface, the air in contact being chilled will become heavier and sink 
towards the earth and will be replaced by warm air from above, and 

none of the nir will be cooled enough so as to deposit its vapour 
as dew. 

The above thepry of formation of dew is due to Wells. Aceording 
to some expert'mentors, dew is formed vot only otd of the vapour 
present in the air but also from vapour arising from, the earth and 
the vegetations on which the dew is formed, 

130 (a)^ Rain-gauge :—^It is an instrument for measuring the 
amount of rainfall in a locality. The instrument in common use is 
known as '^Symon*s Rain-gnvge’^ which consists of a — 
funnel provided with a circular br.ass rim having a dia¬ 
meter of five inches Tt is fitted to a collecting vessel, 
which is generally a bottle H, placed within a meljil 
cylinder (Fig. 64). The funnel F is kept one foot above 
the ground. The rain passing through the funnel collects 
into the bottle and the quantity collected in a certain 
period is measured by a glass cylinder graduated tu 
hundredths of an inch. The rainfall of a place is ex¬ 
pressed in inches per annum. An inch of rainfall 
means that the amount of water collected would fill to 
the depth of one inch a cylinder with its base equal to Fig. 64— 
the rim of the funnel. \ Kain-gauge, 

In the Indian Union wc have the greate.st amount of rainfall in 
Cherapunji. The average value,of annual rainfall in Bengal i.s about 
75 inches, in Behar and Orissa 52 inches, in Bombay 45 inches, and 
in Cherapunji 500 inches. 



Questions 

L Why does a glass tumbler ‘cloud over’ on the outside when *ice-cold’ 
water is poured into it ? (0. U. 1930 ; Dno. 1929) 

2. Write a short essay on‘Hygrometry*. (U. T. B. 1948) 

3. Explain the formation of dew. Show that the pressure of nnsaturated. 
rapour in a room is equal to the saturation pressure at dew-point 






*462 


ISTEBMESDlAtE PHYSIOS 


Define Belative Hamiditiy. On. what factors does it depend 7 Obtain at» 
eapreasion for its determination. (Pat 1932; All. 1945 ; pf. G. U. 1949) 

3. (o). A. h(H day in Puri causes greater discomfort than an equally hot 

day in Delhi. Why ? (C. U. 1948) 

4. What is meant by JElelative Humidity ? Explain how the determina' 

tion of the dew-point enables you to calculate the relative humidity of a 
particular place. (All. 1946; A. B. 1952; C. U. 1953) 

5. Define ‘EelatiTe Humidity*. Does our opinion of dampness or dryness 

depend upon tha absolute quantity of water vapour present ? Explain your 
answer folly. Describe Danieil’s Hygrometer and explain how it is used to 
determine relative humidity. (All. 1922) 

6. Wet clothes are usually seen to dry sooner in the cold weather than 

in the rainy season, though the temperature in the latter case is higher. 
Explain. (All. 1945). 


The average temp, of a summer day is much higher than that of a winter 
day, but still a damp cloth dries more quickly on a winter day. Explain 
why ? ' (Allahabad, 1929)- 


7. Define 'Humidity* and describe two difierent methods of determining 
it in the laboratory, what lesult would you expect to get on a very wet 
day in the rainy season ? (Pat. 1927, *31 ;«/. C. U. 1937) 


8 . 


Calculate the dew-point when the air Is 


2 

3 


saturtrted with 


water 


vapour, the temperature being 15®C., given that for the pressures of 7.9.11. 
13 mm. of mercuiy, the corresponding boiling points of water are 6“. 10'’, 13°. 
and 15°C. respectively. (Pat. 1935. ’37) 

[Am,: 9'3°C.] 


9. What is meant by Eegnault's table of saturation pressure of aqueous 

vapour ? Show how this table will enable you to determine the relative 
humidity of air, if dew-point is known. (C. U. 1944) 

10. Describe a dew-point hygrometer and explain its action. What use 

is made of this instrument in weather forecasting ? <C. U. 1935) 


[Hints. If the difference between the room temperature and the dew¬ 
point is very small, it indicates a moist weather, and if there is a big difier- 
ence between the two temperatures, it indicates a dry, *.e. good weather.] 

IL Calculate the temperature at which dew will be deposited when the 
bygrometric state of the air at 20°C hs 53 per cent, relative humidity. 

[Am.: lOTC.] 


12. Define dew-point and describe an accurate method of finding it* 

Whv is dew more copious on some bodits than on others ? 

W ny uew F ^ ^ 


13. Describe a wet and dry bulb hygrometer. How would you determine 

the relative humidity with its help t (Del. 1943; Mad. 1949) 

14. Describe Kegnault’s hygrometer and explain how you would use ifc 

to determine relative humidity. (U. P. B, 1942) 

15. Calculate the mass of 7‘5 litres of moist air at 27°C., given that the 
dew-point is 15®C. and the barometric height 76275 mms. Calculate also the 
humidity of the air. Vapour pressure of water at 27'’C. and 15°C<«25 5 mms. 
fkud 1275 mms. respectively. 

[Am.: 89 gms.; 05] 

16. Write a brief Ulustratiye account of the nature and mode of forma¬ 
tion of clouds, fog and dew. wdioate the conditions that are 

their Icrmation. (Utkal. 1951) 
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17. Cloudless nights are better for the fori&ation of dew than cloudy 

ones. Explain. (Dac, 1929. tJ. P. B. 1950) 

18. Write a note on ‘clouds’. (U. P. B. 1947) 

19. Explain the formatidn of clouds. (C. U. 1932)^ 

20. Why does fog generally disappear before noon ? (C, U. 1927) 

21. Explain how dew is formed on blades of grass and not on the leaves 

of trees. (Utkal, 1954; o/. Pat. 1945 )> 


y/ CHAPTER VIII 

^^^><JRANSMISSION OF HEAT 

131. Modes of Transmission :—There are three distinct pro¬ 

cesses by which heat may be transferred from a place to another. 
These processes have been named conductioUt convection and 
radiation. . 

•iil) Coftduction. —^In conduction heat passes along a substance 
from the hotter to the colder parts, or from a hotter body to a colder 
one in contact, without any transference of material particles. JVhen 
one end of a metalliv ? od is put mto a furnace^ the other end is 
heated by conduction. A material medium only can pass heat by 
conduction. 

Convection. —In convection heat is transferred from the 
hotter part of a material medium to the colder parts by the bodily 
movement of hot particles. When a vessel containing j liquid is 
heated fro^n below., the upper layers of the liquid are heated mostly 
by convection. 

Radiation. —^In radiation heat is conveyed from one body 
to another, entirely separated from it,*^ithout heating the interven¬ 
ing medium which may be material or vacuous. The heat of the sun 
is received on the earth*s surface by radiation. 

132. Conduction :—When a body is heated, the molecules 
there vibrate vigorously, and this increased agitation {i.e. the in¬ 
creased heat energy) is passed on by collision from particle to particle. 
Consider the mechanism of conduction of heat to the other end of 
a metal bar heated at one end. Here heat is first communicated 
to particles of the bar in contact with the source of heat These 
particles, as a result, vibrate more vigorously about their respective 
mean positions of rest and transfer the energy to adjacent particles 
by collision; and these to the next layer of particles, and so on. 
The energy of vibration so conducted from layer to layer means 
the heat transferred by conduction. Some substances ooiaduct heat 
better than others. Metals are generally good conductors, while 
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^bstaaccs like glass, mi^ ebonite, felt, etc. axe all bad conductors 
of heat. Air and other gases are bad conductors of heat. 

Good and Bad Conductors : ExpU.^l) Prepare a small 
vessel of thin paper. Place a piece of copper wire-gauze on a tripod 
stand and then place the paper vessel on it. Now carefully put 8om(‘ 

water into the vessel and heat the water 
gently from below the wire-gauze. After 
sometime the water will begin to boil. As 
the paper is vefy ihm, the heat is -conduc¬ 
ted rapidly through the paper to the water 
and so the temperature reached is not suhi- 
cient for the paper to be charred. The teni-^ 
perature of water does not rise above J 00 C. 

(2) Lower a piece of wire-gauze upor 
the flame of a Bunsen burner. The flame burns below gauze and 
does not pass through the meshes of the gauze [ Fig. l)5(a)j. Now 
put out the gas, and holding the gauze about two inches above the top 
of the burner, turn the gas on. Light the gas above the ^gauze. It 
burns, but the flame does not travel down the gauze -fPig. 651^)1. No 
combustible substance will burn, even in presence of au unless it is 
raised to a certain temperature known as the 'temperature of 
ignitionf for that particular substance. The reason why the flame does 
not pass through the meshes of the gauze is that metal wires conduct 
away the heat so rapidly that the temperature of the gas ou th<‘ other 
side of the gauze does not rise high enough to ignite the gas. 

133. Thermal properties of some materials 

(а) Davy's Safety Lamp (Fig. 6<i) used in mines is an example 
in which the high conductivity of a metal has been utilised.,It consistc 
•of an oil lamp, the flame of which is surrounded by 
a cylindrical wire gauze of dose mcvsh. Even if the 
lamp is surrounded by an exploi|ive gas, the heat is 
conducted away so rapidly thajrit prevents any flame 
from passing from the inside to the outside, and, 
when brought in the atmonphere charged with an 
explosive gas the danger is iudicatca by the character 
of the flame. 

(б) Other Illustrations. —The advantage of 
the bad conductivity of glass is often taken in open¬ 
ing a glass stopper which is stuck tight in the neck 
of a bottle. If the neck of the bottle is gently and 
carefully heated, the nook expands before the stopper 
which becomes loose thereby. 

Our feeling of warmiii or cold on touching p 
different bodies depends to a great extent on con- Dav>*$ Saiety 

dnotivity. Thus, if we touch iron and flannel (bofli Lamp, 

being placed in the same Yoom) the temperature of which is below 
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that of the hand iron appears to be colder, because it rapidly con- 
•ducts the heat from the hand, and flannel being a bad conductor 
conducta very little heift. If the temperature of iron and flannel be 
above that of the hand, as when kept in warm air (or rooms), iron 
appears to be warmer, because it rapidly conducts more heat to the 
hand than the flannel. 

This, is the reason why a piece of metal appears hotter to the 
touch than a piece of wood when both have been lying long in the 
sun ; and for the same reason a marble floor appears colder than an 
^ordinary cemented floor. 

(c) Use of Bad Conductors .—^Tn summer ice is packed with felt 
or saw-dust which being bad conductors do not conduct heat to the ice 
from outside. We use woolen dress in winter because it ronducU very 
slowly the heat of our bodies to the outside air, and thus the feeling 
of warmth is maiiitaincd Again, the handles of kettles and tea pots are 
very often m.lde of wood, or of vulcanite, in order that the heat from 
the hot wat<'r or tea may not pass through them as much as through a 
metal handle. Besides this it should be noted that the very low con¬ 
ductivity of cotton, wool, felt and other fabrics of open texture is 
largely due to the low conductnotn of air enclosed in the fabric. For 
this reason wool is preferred to cotton for preparing warm clothings as 
the texture of wool is more loo>?e and so it contains more air. It 
should be noted that the bad conductors not only keep tri heat, but 
they also keep out heat. 

134. Comparison of Conducting Propertitlk :—^The con¬ 
ducting property of diflerent substances can bo compared by an 
experiment of the following type 

£xpf.—Take a cylinder on*-hal£ of which is brass and the 
other half wood. Wrap a piece of thin paper tightly round the 
cylinder, and hold the middle portion on a 
Bunsen flame (Fig bT). It will be seen that 
the paper over the wooden portion is scorched 
long before any effect is produced on the 
other half. 

The brass being a good conductor, con¬ 
ducts away the heat so rapidly that the paper 
is not scorched ; while wood, being a bad 
conductor, is not able to do this. 
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135. Thermal Condactioity :— 


If total quantity of heat conducted through a plate, 

then it is found, C “ -4, the area of the plate, 

«(^i -^ 2)1 when $ir 62 arc respectively 
the temperatures of the hotter and colder 

faces of the plate, 

« t, the time in seconds in which the quantity 

Q passes, 

l/if, d being the thickness of the plate. 


that is, 

d d 


4 


where is a constant and characteristic of the material of the plate. 
This constant K is called the thermal conductivity, or the caef^cient 
of conductivity of the material. 


If in the above equation we take J.=l sq. cm,,^rf«=l erm, (^1 ^ 2 ) 

ssl^C., <=*1 sec., then we have K^Q cals. cm. °C. ^s6c. . 


That is, thermal conductivity of a material is the amount of 
heat which ptuses in one aecond through the opposite faces of a unit 
cube 1 cm. cube) of if, the difference of temperature between the 
oppodte faces being 1°C. 


Note. The quantity {$i-‘92)ld, or, in other words, the fall in 
temperature per unit length is called the temperature gradient. 

t 

136. Thermal Conductivity and Rate of Rise of Tem¬ 
perature ^ 

Let us consider a metal bar whose one end is held in fire. As the 
temperature at this end rises, the layer of the meUil next to it 
receives heat by conduction. Of the transferred heat this layer absorbs 
a part on account of which its own temperature rises, loses another 
part by radiation from its surface and convection of gases around it, 
and passes on the remainder to the next layer. This continues for some 
time. Then a stage comes when each layer attains a stationary or 
steady temperature, i.e. does not absorb any more heat passed on 
to it by the preceeding layer. This state is knowu as the stationary 
state. After this state is reached, the passage of heat down me bar 
depends only on the conductivity of the bar. The stete previous to 
tiie stationary state is called the variable state, for during this^ state 
each layer absorbs some heat from what it receives and ns^ m 
temperature. In this state both absorption and conduction of heat 
take place. 



467 


TRANSMISSION OP T1T5AT 

In the variable state, the rate of increase of temperature depends 
not only on the theiroal conductivity of the substance but also on its 
specific heat, which is the quantity of heat required to raise unit 
of the substance ^ough unit temperature. The quantity of heat 
reaching any portion of the rod will depend on the thermal conduc¬ 
tivity, but the rise of temperature produced by that amount of heat 
will depend on the specific heat of the material. If the specific heat 
is low, the temperature of any portion of the rod rises quickly until 
the stationary state is reached, even if the conductivity t)f the subs¬ 
tance is not high, because in this case, only a small amount of the heat 
that comes along is necessary to raise the temperature. But, on the 
other hand, il the specific heat is high, the temperature of any portion 
^of the rod will rise very slowly (to stationary temperature) even if 
the conductivity of the substance is alst) high. Consider a unit cube 
{i.e. volume ~i c.Cj) of the material of the rod. 

Let density of the material, i,e. msiss of unit volume, 

specific heat of the material, t°C.=r\se of temperature per second, 
and Ci=-quantity of heat reaching the volume per second. 

We have, then, d. s.t.— Q or <== Qld. s. 

That is, the rise of temperature during the variable state produced 
in a unit volume of the rod is directly proportional to the quantity 
of heat reaching the volume, and so, to the thermal conductivity, and 
inversely proportional to the product of the density and specific heaty 
that is, the thermal capacity per unit volume. 

So, the rate of rise of temperature depends on the ratio of, 

K __thermal conductivity_ 

d.f. thermal capacity per unit volume 

The ratio Kld.s. has been termed by Lord Kelvin as diffusivity 
{or thermometric conductivity) of the substance. 

Taking the case of iron and bismuth, we have the thermal capacity 
of unit volume ot iron (7*8x0*11—0*858) much greater than that 
of bismuth (9 8X0 0I>=0'2»4) and §0 , if we take a rod of bismuth 
and a rod of iron in Ingen Hausz^s experiment (Art. 137), the rate of 
melting of the wax {vide Fig. 68 ) at the beginning will be much lower 
for the iron. But the thermal conductivity of iron being 7 times 
greater than that of bismuth, a longer length of wax wiU be ultimately 
melted along the iron. 

Thus, it is clear that both the thermal conductivity and specific 
heat play important part during the variable state ; but when tiie 
stationary state is reached, no more heat is ^sorbed, and then the 
flow of heat depends on thermal conductivity only. Thej'efore, in 
comparing the thermal conductivities Of different substances, we 
should wait until the stationary state is reached. 
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137. Comparuon of Thermal Conductivity 


Ingen Hau9z*B Expt — A number of metal or other rods, of the 
same length and diameter are introduced into* the holes in front of a 

metal trough (Fig. 68). All the rods are 
previously covered with a uniform coating of 
wax, and the metal trough is then filled with 
boiling water. Heat is carried along each rod, 
and at the proper temperature, wax melts. 
After sometime a steady state (Art. *136) is 
reached, when there is no further sign of 
melting of the wax. It will be observed that 
the wax melts up to dififeremt distances along * 
difPerent rods showing that the conducting 
power of diflFerent substances is different. 



Fig. 68—Ingen 
Hausz's Method. 


It can be proved from theoretical considerations that after the 
steady state is reached the thermal conduclimties of the different 
rods are proportional to the squares of the lengths of the wax 
melted on the rods. 


Thus, if lit ht hi etc. are the lengths of the rods, anS if ki, A- 2 , fcs, 

etc. are their thermal conductivities, we have, ki : . 

^ll^:h^:h^ . 

N.B. Before the steady state is reached in the Tngen Hausz's 
experiment, heat diffuses through the different rods at different rates 
depending on the dift’usivity of the substances and so the time-rate of 
the melting of wax gives the measure of ditfusivity along a rod. 

138. Determination of Thermal Conductivity of Solids :— 

The same method is not applicable to all solids for tke determi¬ 
nation of the thermal conductivity. The actual methods are different 
depending on wlnither the solid,is a good conductor like a metal, or a 
semi-conductor like wood, etc/, or a bad conductor like glass, rubber, 
etc. The method also varies if the substamje is supplied in the form 
of a solid bar, or a tube, or in the form of powder. Conductivities of 
metallic bars can be compared, as already described, by Ingen Hausz's 
method. 

*Searleh Method for a good Conductor.--~G. F, C. Searle, 
of Cambridge University, has devised the following method for 
a good conductor like copper, brass, etc. supplied in the form of a bar 
or rod. 

A thick bar (/?)(d the specimen is taken and is well lagged with layers 
of wool or felt (Fig. 69). A chest (P) for passing steam is constructed 


• For other methods of deletmmation of the co^efficient of conductivity 
of good and bad conductors, tead Art. 138(.4} et s^q. in the ‘Additional Volume* 
of this book. 
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around one end of the bar. Two holes E and J?, 8 to 10 cms. apart, are 
drilled into the bar at the 
middle and are filled wUh 
mercury such that ther¬ 
mometers inserted into 
them may bo in good 
thermal contact with the 
sections of the bar at E 
and ii and record their 
lemperatnros truly. A 
copper tube C is wound 
round the bar at the other 
end and soldered to it. 

A steady flow of water Fjg. 6Q—Searlc’s Apparatus, 

is passed through it, water entering at M and leaving at N, and 
the inlet and dutlet tem]jeratures of the water arc measured by 
means of thermometers introduced there. 

Steam is turned on into the chest when the four thermometers show 
gradual rise o& teni[)eratures. After some time the temperatures 
become stationary when the steady state (Art. 136) is reached. 
Readings are to bf‘ taken after this slate is reached. 

Suppose the readings of the four thermometers, as shown in the 
figure, from left to right, are 02 , 0.-i, 04 - Thi* steady flow of 
water in the lube C is collected in a beaker and .su])i)ose m gms. of 
water arc collected in t secs. The time is measured by a stop-watch. 

If <>=quantity of heat flowing through the bar per sec. at the 
steady state, 

Q = '»>{$^ — 64 ) 11 , whore 0a 64 , as already stated, are the tem¬ 
peratures of the water at the outlet and inlet respectively 

But Q=Ka (^-^-where If—thermal conductivity of the 

bar, A —area of cross-section of the bar, distance between E and 

where the temperatures are *01 and 62 respectively as already 
stated. Hence K can be calculated from the following, 

^ =fn^^ - "^,aU other quantities in the equa¬ 
tion being known. 

Esamples.—(i) If conductivity of tandttone *9 0 0027 C.O 8. unit* and if the 
underground tfmperaturc in a gandetone dislri^ inoreMCC 1 V. for 27 metre* dec- 
oent, calculcde iKe heat lo»t per hour by a equate kiUtmetre of the earth'e ewfaoe in 
thca’dietrict. 

We know that, 

a 
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Here, KmO'0027 1 Asstl sq. kilometre«10” sq. metretslO^* >g* cms; 

= ; (ia27 metreta2700 cms.; fs3600 sees. 

/. (3»OJ027><1^1X360^^3.6j<io^ calories, 

2700 

N. B. The area given in sq. metre must be reduced to sq. cm., if the value 
of thermal conductivity is given in C.G S. units. 

(2) An iron boiler T25 em» thick contain* icater at atmospheric pressure. The 
heated surface i*^2 6 sq. metres in area and the temperature of the underside is 
I20"O. If the thermal conductivity of iron is 0 2 and the latent heat of evaporation 
of water 536, find the mass of water evaporated per hour. 

^ {Pat mo, '41 1 B.V. 1946) 

Here, HsaO-2 ; .4 »2*5x100x100 sq cms.; 

O , «»120 C.; (9*sl00 C. The boiling point of water at atmospheric 
pressure is 100' C.) ; *s«60 x 60 secs.; d=l’25 cms. 

. Q_ 0-2X2-5X 10*_X (120-100) X3500 ,calories. 

• ‘ ^ 1-25 

The latent heat of evaporation of water is 536, s.e 535 calories of neat are 
required to evaporate 1 gm. water. Therefore, the number of grams of 

water evaporated by 288 X10* calories of heat«?^^^^ »537313 gms. 

536 

(2) The absolute conductivity of silver is 153 I its specific heat is 0 056. and 
its density is 10 5. Find («) the thickness of a silver plate! sq.^cm. in area thod 
would be raised in temperature through 1 O. by the quantity of heat transmitted in 1 
second throi^h another plate of silver of the same area and 1 cm thick with a 
diffsrenoe of temperature of 1 0 between its opposite faces ; (si) the rise of tern. 
peroSure |>r^ueed in a plate of silver 1 eq. cm. in area and J cm. thick by the same 
quantity of heat. 

(i) Let X cm. be the thickness of the first plate, then its mass=a;XlXl0'5 
al0'5<egm. Therefore the quantity of heat required to raise the temperature 
of this mass through TC.~10'5a;X0'0S6 cal. 

But the heat which flows through the second plate in 1 second=153 cal. 
Hence 10'5JBX0'056=r53. ®=2‘6 cms. 

(ii) Let 0°C. be the rise of temperature? produced 
m the plate of silver 1 sq. cm. in uea and 1 cm. thick 
by 1*53 cal of heat, then 
l*53=m. s.e = 10-5 X 0*056x 0. 0 * 2*6°C. 

139. t Conductivity of Liquids and 
Gases .*— 

Expt. —^Wrap a copper wire round a piece of 
ice 80 that it may sink in water. I^lace this 
in a test tube and pour water in the test tube 
(Fig. 70) Now beat the upper part of the water 
with a flame. It will be found that water can be 
boiled at the upper part without melting the ice. 

Liquids are generally bad conductors of 
Pis- 70 heat, but mercury is a good conductor of heat, 

and is an exception. 

The conductivity of gases (excepting hydrogen and helium) is 
€Xti?<jmely low and its determination is complicated by the effects of 
opnveotion and radiation. 
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For the determination o£ conductivity of liquids and gases, read 
Art. 139(i4) et seq. in the ‘Additional Volume' of this book. 

140. Ckfnpection r —When liquids and gases are heated, the 
heat is carried from one part to another by the actual movement of 
hot particles. These movements arise from the diffe¬ 
rence in temperature between different parts of the 
same substance. When the temperature at some 
part of a liquid or gas increases, it causes a reduction 
in density, and the hotter portion being lighter rises, 
ite place being taken by the colder and heavier por¬ 
tion from tlie sides. Tims, convection currents arc 
sot uj) which can ('asily be visible by heating some 
water in a fla.sk in which .some colouring matter is 
kept at the bottom of tlie flask (Fig. 71). 

141. Convection Currents in Liquids :— 

Convection currents may also be illustrated by the 
apparatus shown in h^ig. 72. 

Expt .—A flask /?(Fig 72) aud a reservoir A open 
at the top are cofmcctod by two glass tubes AB and 
CD. A B runs from the top of the fla'^k to the top of 
the reservoir and CD runs from the bolioai of the flask to the bottom 
of the reservoir. The whole apparatus is filled with water. The 
water heated in B ascends along the tube AB and the colder water 
in the iii)per vos.^ol being lighter rims down the tube 
CD to fill the place. Thus a circulation is set up and 
finally all the water reaches the boiling point. The 
motion becomes visible on dropping som^ dye into A, 
when the colour cau bo seen travelling down along 
the tube CD. 

The above experimentiUustrates the principle applied 
in the hoD water heating system for buildings. In 
this case, a pipe rises ^rom the upper part of the boiler 
to a reservoir at the top of the building and the down¬ 
ward pipe passes through a number of metal coils 
placed in varicflis rooms and ultimately enters the 
boiler again. The water, in circulating through the 
pipe, is cooled aud the heat is given out to the rooms. 

This method of heating illustrates all the three 
processes of transmission of heat ~vix. condnotion, 
convection and radiation. It is by conduction that 
heat passes from the furnace to the water through 
the boiler ; it is canied to the interior of the pipes by 
comection^ and the whole system is a good example of a continuous 
water convection current. Heat is carried to the exterior pf the pipes 
by conduction and it escapes into each room from the pipes aud 
coils by radiation. 




Fig. 71 



472 


jHXEBMSDUXB PEYSieS 


142. Convection of CatcB >~>The aaceBt of smoke ap & 
chimney is a familiar example of convection. In the same way convec¬ 
tion currents are produced in the chimneys of oil-lamps. Hot air 
above tibe fire rises up the chimrftey, its plac^ being taken from below 
by cold air drawn from ^e room. Thus, a fire helps to venti¬ 
late a room. Winds are caused by convection currents in the 
atmosphere. 

Warmth of Clothings. —The warmth of clothings depends to a 
large extent upon convection. A loosely woven thick cloth ‘consists 
of wool fibres separated by air spaces. The heat of tlic body trying 
to escape to the outside must do so either by the zig-zag paths among 
the fibres or it must go through the shorter and more difficult path,^ 
partly through the non-conducting fibres, and pailly across the air 
spaces, by setting up convection currents. Thus a loosely woven 
cloth is really warmer in cold air, which is at re.st, ijiian another cloth 
having the same amount of material but closely woven. The air 
should be at '/est, otherwise the heat of our bodies will be lost by 
convection. For this reason closely woven cloth is necessary for 
people exposed to strong winds, that is, for avia^.ors and motorists 
who can use leather cloth. So, our warm' clothes are not really 
warmer than other objects in the room. 

143. Ventilation ;—^The ventilation of a room depends on 
merely establishing convection currents between the outside air and 

the air in the room. The following experiment will 
illustrate it.— 

Expt. Place a lighted candle on a saucer and 
pour water around it IFig. 7b). Put a lamp chimney 
over the candle. The flame after a while goes out as 
no fresh air can get in from below, and* through the 
sides of the chimney. 

Repeat the ^iperiment and introduce a piece of T- 
shaped metal, or card-board sheet, down the chimney. 
The candle continues to burn. This is because the 
T-pioce had divided«up the chimney into two halves, 
one. for up-draught to get rid of hot gases, and the 
other for down-draught to take in fresh air. The 
existence of these two currents can be shown by holding a piece of 
smouldering paper near the top of the chimney. 

(a) Conditions necessary for proper ventilation in a 
room. —Two things are necessary for proper ventilation of a room— 
an outlet for the warm and impure air near the top of the room, and 
an inlet for the cold pure air near the bottom of the room. 

ib) Chimney. —The draught in a chimney of an ordinary lamp' 
or over a furnace is due to convectiom The heated air and smoke go- 



Fig. 73 
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up the chimney, while fresh cold air enters *at the bottom and thus 
a convection current is set up. The d'at/p/it is due to the differeTtce 
in weight between the cold air outside and the hot air inside the 
chimney. The taller the chimney, the greater will be this difference 
in weight and so the greater will be the draught. So the factory 
chimneys are tall. But tali chimneys will be of no advantage unless 
there is enough fire at the bottom to keep the gas hot all the way up. 
In order that the descending currents may be prevented, narrow 
chimneys are better than wide ones. 

(c) Gas-filled Electric Lamps .—^Tho heat of the filaments of 
a gas-filled electric lamp, which contains a small quantity of some 
inert gas, such as argon or nitrogen, is carried away to the upper 
part of the bulb by means of convection current set up by the heated 
filament. As the heat from the filament is carried away, the filament 
can bo raised to a higher temperature without any risk of melting 
than if surrounded by a vacuum. Besides this, the convection 
currents have another advantage ; they carry to the top of the bulb 
the tiny metal particles of the gradually disintegrating filament 
which cause the blackening of the lump. I’lius as the blackening, 
which would otheiwise take ])lacc over the entire inside surface, 
Is prevented, these lamps last longer than the vacuum type does 
{vide Ch. VllI, Burt VIII). 



144. Natural Phenomena :— 

Windls.—Winds are due to convection cunvnts set up in the 
atmosphere arising from unequal heating due to local reasons. 

Land and Sea Breezes. —Convection currents account for land 
and sea breezes. 

Sea Breeze. —During the day 
time land becomes more heated 
than the sea, firstly because of 
its greater absorbing imwer and 
secondly due to its lower sp. 

heat. In the evening, therefore, LAND *' - SEA 

air above the land being more \ ^ 

heated rises up and colder air Breeze, 

from over the sea blows towartfe the land by convection, causing sea 
breeze (Fig. 74(a)J. 

Land Breeze .—Since good absorbers are good radiators (Art. 151), 

during the night the land loses 
more heat than the sea. Sp, heat 
of land being lower, the tempera¬ 
ture of the land in the early hours 
of the morning will be lower than 
that of the sea. So convection 
currents of air will flow from the 
causing what is called the land 



Fig. 74(6)—-Land Breeze. 

land towards the sea [Fig. 74(6)J, 
breeze. 




474 


INTERMEDIATE PHYSIOS 


Trade Wind’s^—Heated air over the tropics rises up and cold air 
from the nortii and iiic south moves towards the equator, but owing 
to tlie rotation of the earth from west to east, the wind gets a resul¬ 
tant velocity in the north-eastcfti directioii in the northern hemis¬ 
phere and south-eastern direction in the southern hemisphere. The 
first is known as north-east trade wind and the other as south-east 
trade wind. 

For Monsoons and Ocean Currents read Art. 144(A) et seq. in 
the ‘Additional Volume' of this book. 

• 

145. Distinction between Conduction* Convection, and 
Radiation : —(1) In conduction and convection heat is propa¬ 
gated in a material medium ; while in radiation no assistance of 
material medium, either solid, liquid or gas, is essential, and heat 
energy passes througli a vaoiiiim, without nffecting the temperature 
of the intervening medium ; but conduction and convection raise 
the temperature of the medium. In conduction there is no trans¬ 
ference of material particles, while in convection the heated particles 
bodily move. 

Heat energy is transferred to us from the sun through thousands 
of miles of so-called vacuous spac(‘ where there is no maforial medium. 
So heat is received by radiation from the sun. We also receive 
heat by radiation from a fire or any other hot body. If you hold 
your hand below an electric lamp, your hand will get warmer. This is 
not due to conduction, for air is a bad conductor of heat, and it is 
also not dui‘ to convection, for a convection current always has the 
tendency to move upwards. So it is due to radiation, 

(2) A body emits radiation in all directions and in straight lines 
while in other processes it is not so. For this reason, a screen, placed 
between the source of heat and any body, cuts off the radiation. 

(3) Transf(‘rcnce of heat by radiation takes place almost instan- 
iamously, while the other processes are comparatively much slower. 

Radiant heat travels with th 9 velocity of light, i.e. 1,86,000 miles 
per second. 

146. Nature of Radiation — {Ether waves) :—When wc stand 
before a fire, we feel hot. It is obvious that we do not get heat from 
the fire by conduction pecause the air medium is a bad conductor ; 
also the convection currents carry heat upwards and bring cool air 
from around to the fire. So the heat wc feel is not due to convection 
Again we know that we get something from the sun and fire that can 
giv(' rite to sensation of heat and sometimes of light. This some¬ 
thing is called radiation. Radiant energy reaches us from the sun, a 
distance of about 92,000,000 miles, in about 8| minutes only. The at¬ 
mosphere, which surrounds the earth, does not extend upwards inde¬ 
finitely. How then, the radiant energy is communicated to us from 
the sun ? To explain this, scientists have assumed the existence of a 
medium, called the ether, which is a very delicate medium and which is 
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r)pesent everywhere, even in the interstices of the molecules of even 
the hardest solids, just as air is present everywhere between the 
leaves and branches of a tree. 

.lust as by disturbing the surface of water in a pond waves can 
foe created, which spread outwards from the point of disturbance, 
so transverse waves are created in the ether by the rapid vibration of 
the molecules of a hot body, and these waves pass outwards 
in all directions with the velocity of light (186,000 miles per sec.). 
When these waves are stopped by a body, the molecules of the 
body arc madt* to vibrato, producing heat in the body. There are some 
snbstanccs which allow these waves to be transmitted through them. 
These are called dia-thermanous .substances ; while the other subs- 
tancos which do not allow the waves to i)ass through them, are known 
as adia-thermanous or a^thermanous substances. A vacuum is 
p(Tfoc‘tly dia-thermanous. Dry air, rock-salt, carbon bisulphide are 
also good din-tlfcrmauous substances. Wood, slate, metals, etc. are 
adia-thcrnianous. The latter class gets heated by absorbing radiant 
energy. Jt is to be noted that radiant heat or radiation, strictly 
.speaking, is not heat in ike sense we understand it, but is the enery 
which being aosdrbed by certain bodies manifests itself as heat ; and 
during transit it is only the energy of the wave which passes through 
the inter renin q ether. 

147. Radiant Energy : —A.ny form ot energy transmitted by 
means of ether waves is called radiant energy. Tiiese ether waves 
differ amongst themselves in frequency {i.e. in the number of vibra¬ 
tions per second) and consequently in the wavelength, just a-, tiiere 
are small ripples and big waves on the surface of the sea. 

Waves of different lengths produce different effects. Very long 
ether waves carry electro-magnetic waves energy^ and they are u»ed 
for the transmission of wireless messages. Waves shorter than these 
give us radiant heat and still shorter waves affect our eyes, which we 
call light. The waves, which are still shorter, or rather too short to 
affect the eyes, can produce chemical^aciion ou photographic plates. 
These are called Ultra-violet rays. Still shorter waves are known 
as X-rays, and waves still shorter than the X-rays are gamma rays 
which arc given out by radio-active substances. 

A hot body at a low temperature is not visible in a dark room, as 
it emits only heat radiation, iiut at a sufficiently high temperature 
it becomes visible, when it emit'< also oomi)aratively smaller waves, 
which can excite in our eyes the sensation of light in addition to that 
of lieat; so, at a high temperature, it emits both kinds of radiation 
(heat and light). As water waves are produced by the vibration of 
^vate^ particles, so ether waves are pr^uced by the^ vibration of 
ether particles. Vibration of other particles of certain degrees of 
rapidity i)roduoc mainly heating effects on b^ies on which they f all; 
while certain others of higher d^rees of rapidity can produce in our 



476 


1NTEBMEDIA.TE PHYSICS 


eyes the sensation of light. Longer waves are produced by slow 
vibration and shorter waves by rapid vibrations of ether particles, 
For example, vibrations between 376xl0*^(rpfl) and 7‘5x 
times per second producing ethet* waves of a'^proximate lengths bet¬ 
ween 80 X10* ®cm. (red) to 40 x 10* ®cm. (vtolet) can produce the sensa¬ 
tion of vision. This is the range of luminous radiations ; while the 
frequencies of actinic radiations, which can produce chemical changes 
are higher than 7'5 x 10 ‘ ^ times per second, i,e. beyond the violet end 
of the visible light. So heat and light are both forms of radiant 
energy^ and the difference letueen them is a difftrence in deuree 
rather than in kind. The waves producing thermal efiPect, and which 
do not affect our sense of vision, vary in lengths between 8 t'xl0“® 
cm. to about 0 03 cm. These are called Infra-red waves. The waves . 
which are smaller than 40x10“® and produce actinic effects, i.e. 
produce chemical changes on plants and certain salts of silver due to 
which photography becomes possible, arc called Ultra-violet waves. 
These vary in lengths between 40x10“® to 1x10 “® cm. Waves 
smaller than these are popularly known as X-rays^ the wavelengths 
of which vary between the limits lx 10“'^ to 6x 10”^® cm. There 
are also waves shorter than the X-rays which arc known as Gamma 
rays. ' 

On the other side beyond the Infra-red region there are very big 
radiant waves which do not affect any of our bodily senses. Very 
long ether waves whose lengths may range up to several miles iire 
known as waves. The wireless waves can, however, also 

be small; even waves of length 3 cms. have been used in wireless. 

148. Instruments for Detecting and Measuring Thermal 
Radiation :— 

(I) Ether Thermoscope. —The ether thermoscopCw (Fig. 75) 
contains some quantity of coloured ether and ether 
vapour, a chemical substance, tlie whole of the air 
from within having been expelled before sealing the 
instrument. On&of the bulbs is coated with lamp¬ 
black which is a perfect absorber of thermal 
radiation. When thermal radiation falls on 

the black bulb, its temperature, and consequently 
that of the contained vapour, rises. This increases 
the pressure of the vapour on the ether inside 
the bulb. Hence the level of the ether in the black 
bulb is pushed down and that in the other bulb rises. 

(2) Differential Air Thermoscope. —This was 
first used by Leslie. It consists of a glass tube bent 
twice at right angles, terminating in two 

equal bulbs containing air. The tube contains coloured sulphuric 
acid up to a certain height and the quantity of air in the bulbs is so- 
adjusted that the liquid stands at the same level in the two tubes 
when both the bulbs are at the same temperature. For a slight 


0 


I, 

Fig. 75- 
Etbet Tber- 
moscope. 
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<iifference of temperature of the air in the bulbs, there is a 
smalt difference in level of the liquid due to the expansion of 
air m the warmer bulb, which d^resses the liquid column nearest 
to It and raises that in the other. 

very sensitive electrical instru- 
Volume II) which is used by all modem experimenters 

thebook^^^^’”^^^^’ ‘Additional Volume'of 


149. Radiant Heat and Light compared: _ 

k (A) Similarity .— 

• hent and light travel in vacuum as well as in air 

tn all atrechons with the same velocity. 

At the time of an eclipse oE the sun when the moon comes directly 
between the siiii and the earth, it is seen that heat and light from the 
sun are cut oir at the same instant, show¬ 
ing that heat and Jight energy travel every¬ 
where in all directions and with the same 
velocity (I8<i,000 miles per second). 

(2) Rniinnt heat and light travel in 
straight lines. 

Two wooden screens are taken having 
a small hole on the middle of each. They 
are arranged parallel to each other, and a 
red-hot (“red-hot” at about 525 C.) metal 
ball is placed opposite to the hole of one 
of the screens. If now the lamp-black- 
coated bulb of an ether thermosco])e(Kig. 

75), or a thermopile (Pig. 70), be placed far 
away from the other screen and opposite 
to the hole in it, it will be observed ^at, Fig. 76-The Thermopile, 
when the two holes are in the same straight line with the ball, the 
therrnoscopc, or the thermopile, is greatly affected, while the effect is 
very little when the two holes afe not in the same straight line. This 
proves that radiant energy travels in straight lines. 

(3) Heat rays can he reflected in the same way as light obeying 
the same laws in the case of light. 

(a) BcflecHon at a plane Surface —^Two tin-plate tubes are 
Mir)])orted honzontjilly in front of a vertical polished tin-plate so as to 
be equally inclined to the plate. Now placing a hot metal ball near 
the end of one tube, and a thermopile, or the black bulb of an ether 
wormcMcope, ne^ the end of the other, the instrument is affected, 
ihe effect on the instrument will be much less when the tubes are 
placed unequally inclined to the plate. It will be found that the 
-effect is a maximum when the tubes make equal angles on the 
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opposite sides of the normal to the reflecting plate {vide Chapter 
IV, Part III). 

{b) Reflection at a Concaife Spherical Surface .—two large 
concave metallic reflectors {vide Chapter IV, Part III) are placed 
co-axially facing each other at a little distance apart, then the black¬ 
ened bulb of the thermoscope placed at the focus of one of them will 
be seen to be greatly affected by a red-hot ball ])laced at the focus of 
the other reflector. The difference in effect may bo noticed by 
displacing the reflector a little towards the thermoscope. 


(i) Heat rays can he refracted in the same way as light, and they 
obey the lairs of refraction of light. 

The rays from the sun, i.e. both the heat and light rays, can be 
concentrated at a point by means of a convex lens, and a piece of 
paper placed at the point may be easily ignited by the heat rays. 

A better effect will be obtained by using a convex lens made of 
rock-salt, instead of glass, as rock-salt, being dia-thermanous to heat 
rays, absorbs only a small percentage (about 7 per cent.) of them, 
while glass absorbs a considerable amount of heat rayfe. 

(5) The amount of heat received per second per unit area of a 
given surface, is. the intensity of radiation, by absorption of 
thermal radiation emitted by a source of heat at a constant tempera¬ 
ture, is inversely proportional to the square of the distance between 
the source and the absorbing surface. This ts known as the Inverse 
Square Law. 

[The Inverse Square Law holds for heat radiation in the same way 
as it df)es for light radiation.) 


Proof .—A rectangular tin-plate box S8\ (Fig. 77), one face S of 
which is coated with lamp-black, is filled with hot water and kept 

at a constant temperature. A ther¬ 
mopile is taken, one face of which 
la covered by a brass cap and 
the other face, meant for absorbing 
thermal radiations, is provided with 
a conical reflector in order to shield 
it from air currents. The thermopile 
is connected with a galvanometer, 
(i.e. an instrument to detect the 
Fig. 77 presence of an electric current), and 

placed at a certain distance from the lamp-black-coated surface. The 
galvnuorncter deflection is noted. Let the circle ab be the base, on the 
tiu-pla^ box, of the imaginary cone having its apex C on ^e thermo})ile 
Radiation from points outside the circle (on the box) is not absorbed 
by tlio bliuskcmed inside surface of the conical reflector and 
so cannot reach the actual thermopile. The thermopile is now moved 
to another distance at Ci, which is twice the former distance and so 
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the base of the cone is enlarged to AB. It is observed that there 
is no change in the deflection of the galvanometer as long as the 
whole of the circle AB lies on the Uackened surface, showing that 
the quantity of heat received per unit area of the thermopile in each 
case is the same. As the thermopile is moved away, the intensity of 
radiation, that is, the a^nount of heat energy received per unit area 
of the surface of the thermopile, decreases, bat the area of the source 
of radiation increases (from the area of ab to tiiat of AB). The total 
amount of heat energy received depends on the combined effect of 
these two factors, which remains constant. 

Since the temperature of the box is kept constant throughout the 
/experiment, the amount of heat emitted will bo proportional to the 
^reas of the circles ab and AB, that is irr-i^ ; nr^^ ; or ri® ; ; 

or 1® : 2® or as 1 ; 4, where ri is the radius of ab and that of 
A B. Hence we might expect the galvanometer deflection at C, to be 
4 times that at C. * Hut by experiment we find that deflection is the 
same. Therefore it follows that the intensity of heat radiation *1 
which is at twice the distance, must be 1 of that at C. This verifies 
the law of inverse squares. 

(B) Differaice between Radiant Heat and Light —Both 
heat and light waves are due to ether vibrations. They differ only in 
the frequency of vtbrahon, i.c. in their icarehngih. 

ISO. Emissive or Radiating Powers of Different Bodies ;— 

It has been experimentally found that 
the energy radiated from a body, or in 
other words the loss of heat of a body by 
radiation, depends on (?) its own tempera¬ 
ture ; say 9i ; {n) the temperature of its 
surrounding ; say $2 5 (*"*'*) the nature and 
area (A) of the radiating surface ; and (^^) 
the time (/) for which radiation takes place. 

Then, if R be the total radiation emitted by a surf act* A, 

We have A (0i •" 62 ) t 

or, R^E.A{9\^B2) ^ where E h the emissive power of the body. 

Expt —The same body, eveniit the same temperature, will radiate 
different quantities of heat depending on the nature of its surface. 
To show this, take, as a source of radiant heat, a cubical tin L con¬ 
taining boiling water (Fig. 78) One face of the cube is coated with 
lartjTi-black, another with black enamel, a third with white paper, and 
the fourth with polished tin. Such a cube is usually tenned a Leslie^s 
cube. Take a thermopile T connected with a galvanometer and 
keep the face of the thermopile equidistant from each face of the cube 
in turn and for the same time. The deflection of the galvanometer 
will be proportional to the emissive or radiating power of each surface, 
tie faces being supposed to be at the same temperature. It will be 
noticed that the deflection of the galvanometer is greatest for the lamp¬ 
black surface, the black enamel surface comes next in order, then 
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comes the white paper and it is least with the polished tin surface. 
This shows that lamp-black is the bed radiator^ and polished metallic 
surface is the worst radiator. * • 

At 100^0. white lead is as good a radiator as lamp-black, bat 
above this temperature lamp-black is by far the best radiator. It 
should be noted that the radiating powers of diflFerent materials, even 
when coated with the same substance, are different. 

The emUsive (nr radiating) power or the coefficient of ^mission 
of a surface is defined as the ratio of the amount of heat radiation 
emitted in a given time to the amount emitted in the same time by 
an equal area of a perfectly black surface (a black body) at the same 
temperature. 

ISl. Absorption of Radiation: —^Different surfaces at the 
same temperature emit different amounts of radiation, but when ther¬ 
mal radiation is incident on the surface of a 
body, the temperature rises according to the 
proportion absorbed by it. The proportion 
absorbed varies with the nature of the surface. 

The absorbing power (or the^cotffinent of 
absorption) of a surface is the ratio of the 
amount of radiation absorbed by the surface 
in a given time to the total amount of radia¬ 
tion incident upon it in the same time. 

(a) Emissive and Absorbing Power 
of a Surface .— 

Ritchie*8 Expt . —^Thc apparatus consists 
of two cylindrical metal vessels C and I) filled with air and connect¬ 
ed by a glass tube bent twice at right angles in which some coloured 
liquid has been placed (Fig. 79). A large cylindrical vessel AD is 
supported between 0 and D. The surfaces A and C are coated 
with lamp-black while the other surfaces D and B are polished. 
When AD is filled up with boilir^; water, the level of the coloured 
liquid is found to remain the same, which shows that C and D are at 
the same temperature. The face A emits more than the face /?, but 
the black face C absorbs more than flie polished face D. As the level 
of the liquid remains the same, it shows that one vessel gain as much 
heat energy as the other, i.e. the emissive power is equal to the 
absorbing power. 

As lamp-black is the best absorber, and the polished metallic 
surface the worst absorber, we conclude that good absorbers arc 
good radt ^tors. 

A body which absorbs all the radiations incident on it is called a 
“perfectly black” body, or simply ‘a black bod/. A black body at any 
temperature emits fall radiation for that temperature. A lamp-black 
surface though not a perfectly black body is the nearest approach 
to such a body as it emits or absorbs about 97% of the radiation. 
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For description of experimental black bodies, read Art, 151(A) in 
4he ‘Additional Volume’ of this book.^ 

(6) Radiometer. —^'his sensi^ve instrument was designed by 
“Sir W^illiarn Crookes for the detection of lioat radiation. It consists 
of a gliiss bulb B almost complet(4y evacuated [Fig. 79(a)]. It has 
four thin aluraiuuun vanes V fastened to a vertical axis 
about which they can rotate frtiely. One surface of 
each vane is coated with soot while the other is 
polished. 

Tlio pressure of air inside the bulb being low, the 
molecules of air havi' better freedom of motion. VVlnui 
/h(‘at radiations fall on the vaiK's, the black surfaces 
Aibsorb and )-idiat<‘ more hc'at than th(‘ bright surfaces, 
and so air molecules colliding with black surfaces acquire 
higher kinetic energy and rebound with greater velocity 
than those from tlie bright surfaces. Thus evt'ry push 
received by a black surlaco from th<'air moleculi's is 
more vigorous and so it recodes, as a ri'sult of wliieh 
their vanes rotate in a direction oppositi* to tlie direction 
of heat radiation. 

The instrument is so sensitive that even a burning pig. 79 (a)— 
match stick held within a few inches from it will be Crooke’s 
sufficient to rotate the vanes. Radiometer. 

For Kirclihoff’s law regarding the emissive and absorbing power of 
a body, read Art. 151 (A) el seq. in the ‘Additional Volume’ of this book. 

152. Selective Absorption of Heat Radiation; —^Different 
bodies, even when at the same t(‘mperature, will radiate, as also 
► absorb, heat differently, and generally, bodies which can reflect heat 
radiation very well, are bad absorbers of heat. For example, bad 
refleetora tike lamp-black, auhe^, etc, are good absorbers of heat. It 
takes less time to boil water in an old kettle covered with soot than 
in a new one which is polished. The soot absorbs heat better than 
the polished metal and so water boils quickly in an old kettle. In 
winter, ice and snow kept beneath the ashes melt sooner than the ice 
and snow which are uncovered, because ashes are good absorbers of 
heat. Good reflectors such as potished metals are bad absorbers and 
also bad radiators of heat. 

153 Some Practiced Applications of Absorption and 
Emission :—^In our everyday life we require for some purpose 
good reflectors of thermal radiation, while for other purposes good 
absorbers are necessary. A few oxami>les are given b<*low. Vessels 
such as tea-pots, calorimeters, etc. which are meant for retaining their 
heat are made with polished exteriors because polished bodies radiate 
less heat For cooking purposes vessels should preferably be black 
with rough exteriors. Black clothing is preferred in winter as it 
absorbs almost the whole of the heat rays falling on it and thus 
becomes warm, while white clothing is more suitable in summer as 

31 
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it absorbs very little of the aua*B heat rays. The advantage of the 
v^hite painted walls and roofs of a building is that they keep the 
building warmer in winter and* cooler in summer than if they were 
painted with a dark colour. In order to cool down hot liquids quickly 
it is better to use a black stone vessel and not a metal cup with 
polished surface. Dry air absorbs very liltle heat radiation. It trans¬ 
mits nearly the whole amount of heat radiation falling on it, i.6. it is a 
dia’^ihermanous substance^ while moist air absorbs heat radiation to a 
great extent. Thus, the moisture of the air helps us in twQ ways ; 
it prevents the earth from becoming too much heated during the day 
time by absorbing sun^s rays and also from becoming too much cooled- 
at night by absorbing the radiation escaping from the heated surface 
of the earth. We know that clear night is colder than a cloudy 
night as clouds are practically opaque to the long heat rays radiated 
from the surface of the earth. 

Water transmits only 10 per cent of the incident heat radiation 
and alum transmits less. But when alum is mixed up with water, 
the transmitting power of the latter is increased. 

Oases are bad radiators of beat; so fire-bricks, which arc good 
radiators, are used in the construction of furnaces in which the hot 
gases are made to play on the fire-bricks, which are heated by contact 
and then radiate the heat freely. 

(a) Green-House.—It is an example of selective absorption of 
heat by glass. The amount of heat transmitted through a substance 
depends upon the temperature of the source of heat; for example, 
glass ti'ansmits about 50 per cent, of heat when the heat rays come 
from a source which is at a high temperature, e.g. the sun, or a hot 
fire. Glass is adtaHhermanous to heat rays when the source is 
below 100“C. This is why heat accumulates in a green house, the 
glass windows of which allow rays of heat from the sdn to pass 
through them. These rays heat the objects, i.e. the plants and ground 
inside, but when the bodies inside, which are evidently at a tempera¬ 
ture ^low 100°C., radiate their heat, the glass windows do not allow 
it to pass out. Glass thus serves as a trap to the sun-bcams. 

A glass fire screen is also an example of the above principle. 
It will absorb most of thermal radiations falling on it, while only 
a small part is transmitted along with the luminous portion. One, 
therefore, will see the fire while much of the heat is cut off. Ordinary 
glass not only absorbs the long infra-red waves but also the short 
uUra-nolet waves. It transmits only the visible light waves. A 
special kind of glass has, however, been made which can transmit 
infra-red radiation. So these are used for camera lenses for long 
distance photography. 

Quartz glass and Vita glass transmit ultra-violet portion of the 
jradiation and they are often used for window-panes in hospitals. 

(b) Temperature of the Moonfs Surface .—Like glass, water 
is dia*ihermanous to radiations from a hot source, but adia-thermauous 
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to those from cold bodies. This fact has beea applied to messtire the 
temperature o£ the surface of the moonu It is kuowu that the moou 
reflects the suu's radiations and al» emits its own. Those two diflFerent 
types of radiations have been separated by passing the radiations 
through water, when the sun^s radiations will be transmitted, while 
those from the moon will be absorbed, by caculating the amount of 
which the temperature of the moon^s surface can be determineci 

IS4. Radiation Pyrometry :—It has been stated in Art. 15 that 
very high temperatures can bo measured by a system of measure¬ 
ment known as radiation pyrometry. By this system very high tem¬ 
peratures of bodies like the sun or other heavenly bodies at great 
distances, or of furnaces, can be measured from the radiation emitted 
by them. 

For black body radiation and temperature, read Art 154 {A) et 
seq. in Jhc ‘Additional volume* of this book. 

Dewar^s Flask (Thermos-Flask or Vacuum Flask) 

It is a flask in which loss or gain of heat through conduction, convection 
and radiation has been reduced to a minimum. It is used for keeping 
a hot liquid hotwind a cold liquid cold for a good length of time. 

It consists of a double-walled glass flask B (Fig. 80) placed on 
a spring E within a metal or wooden cobing C, its mouth being closed 
by a cork stoppoi* A. The space between the flask and the outer 
casing C is preferably packed with a non-conducting material like 
felt. The space between the two walls of the 
flask is exhausted of air by pumping out the; 
air through the nozzle at tlio bottom whicli is 
finally sealed ofl*. The outer surface of the inner 
wail and the inner surface of the outer one are 
silvered., This vacuum belt around the liquid 
in tlio flisk prevents any loss or gain of heat 
through conduction and convection, wlult* radia¬ 
tion is reduced to a minimum due to tlie silver¬ 
ing of the surfaces. The non-conducting i)ack- 
ing of felt reduces any sharing f»f heat by con¬ 
duction dirough the walls. Conduction, convec¬ 
tion and radiation, the three possible modes of 
exchange of heat being guarded, the liquid re¬ 
mains almost in a state of thermal isolation and 
it thus maintains its own temperature for a 
pretty long time. 

13S. Heat Loss by Radiation :—^The rate at which a body 
loses heat by radiation depends on (/) the temperature of the body, 
{it) the temperature of the surrounding medium, and iiii) tiie nature 
and extent of the exposed surface. 

Newton's Law of Cooling .—The law states that the rate of loss 
of heat from a body is proportional to the mean difference of tem¬ 
perature between the body and its surroundings. 



Dewar's Flask. 
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Verifiaaiion of Netcton^s Law of Cooling^ —^Take some hot water 
in a calorimeter and note tkc temperature of tke water at an interval 
of one minute for a period of about 20 minutes, carefully stirring 
the water all the time. Now, note the fall of temperature for 
a small interval of time, say, 2 minutes and also the mean diifcrenoe 
of temperature between the water and the air of the room during the 
same two minutes interval. Calculate the ratio of the fall of tempera¬ 
ture during this interval to the moan difference of temperature, and 
repeat the process taking the fall of tem])erature at various stages 
all over the period of 20 minutes It will be found that these ratios 
are practically equal. 

As the mass and specific heat of the liquid are constant, this 
experiment shows that the rate of cooling of the water is proportional 
to the mean difference in temperature between tlie w.iter and its 
surroundings. This will be true for any other liquids, and this fact 
was first expressed by the Newton’s law of cooling. 

Again, taking two or tlireo calorimeters and recording the time 
and temperature as before, it will be seen that the amount of heat 
lost per second depends also on the extent and the nature of the 
radiating surfaces. Tlio rate of cooling does not, ho-Wever, at all 
depend on the nature of the liquid. 

Discussion of Newton*s Law of Cooling .—^The above law 
applies when a body cools in air due to loss of heat by radiation and 
couvection only. Moreover, as Newton expres>«ly stated, the body must 
be in still air., but in a uniform current of air.” That is, the law 
applies to cases of loss of heat under radiation and forced convection 
and does not apply to natural convection as in still air. The law is 
true even for large differences of tem]>crature provided that there is 
a uniform current of air in which the body is placed, as in foiccd con¬ 
vection. In natural convection of air, the rate of loss of beat by a 
body, it may be note^ is proportional to the 5/4th power of the tem¬ 
perature difference. 

In the laboratory generally we apply Newton’s law of cooling to 
the case of a calorimeter placed in still air. The justification, if any, 
is that the error in doing so is quite small, if the temperature 
difference is small 

JS6 (a). Preoosfs Theory of Exchanges :^A hot body 

gives out hoi radiations and a cold body cold radiationS'--\hQso were 
tie ideas until 1792. "WTien a man stands before a block of ice, he 
feels cold. This occurs, the people in old days iJiought, as though 
cold were radiated from Ike ice. The true cx])lanation came in 1792 
when Provost of Geneva propounded his Theory of Exchanges. 
According to this theory, which is also the modem conception, a 
body whether hot or cold, gives out only one form of radiations, 
namely heat radiations and these Are radiated at all times provided 
t^e temperature of tie body is above the Absolute zero, irrespective 
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of the presence of other bodies ; moreover, the higher the tempera¬ 
ture, the greater is the amount of radiations. 

Let ns apT)ly this theory to»au enclosure in which, suppose, two 
bodies at different temperatures arc placed. Each will radiate opt 
heat according to its own t mperature independent of the other and 
again will receive heat being placed in the field of radiation of the 
second. The one initially hotter of the two gives out more heat than 
it receives while the colder gives out less heat than it receives. As a 
result of oxchangi^ of heat, the hotter falls in tempei'aturc and the 
colder gains in temperatur<' until a common temperature is attained 
by both. We then say that an ecpulibrium has rt'achod. Even when 
the tcm])eratiire is equalihcd, the exchange docs not stop, each 
recc'ives as much heat irom tlie other as it itself gives out. The equi¬ 
librium is a dunainir one. The tlicory applies to any number of 
bodies at diflerent tomperatuie's at a time. 

In the ease of tlu' man and the ice block, as a result of the diffe¬ 
rential effect of exchange* of heat betwee'n them, the man on the 
whole loses more heat wliile^ he stands before the ice-block than 
formerly, whlc|i make's him feel cold, while the ice-block gains heat 
and gradurlly melts down. 

157. Air-conditioning :—It is the art of securing and maintain¬ 
ing the conditions ol hninari comfort in an air enclosure The exact 
conditions which produce' a comfortable and healthful atmosphere 
differ from peoifie to people and season to season The findings of the 
Amencmi 8o(‘i(ty oi Heaitng ami Veniilottvg Enymeers (ASHVE) 
have led to the following recommendations fe/r America— 
it) Percentage* Re'lative Humidity of enclosure —30 to 70 ; 

(//) Efiective Temperature*— 

('/) betwee'n 03 and 71°F. in winter ; 

* (/i) between and 75^1^'. hi summer ; 

{iii) Ventilation Requirements—^Tbc air must be kept fresh and 
free from all odours, notably tobacco, food and body odours. Its 
carbon dioxide content must be aho low. Odour and gas should be 
controlled by diluting them to a harmless concentration by introdu¬ 
cing sufficient fresh air ; 30 cn. ft. {10 cu. ft. outdoor fresh air plus 
20 cu. ft. of room air) per person air movement in the room at a 
velocity of 10 to 60 ft. per minute is necessary. The corresponding 
data for India arc yet to be collected. Engineers use regional data 
of tiieir own in the diflerent parts of the country. 

It will be noted from the above that the essential factors which 
have to be controlled, besides any impurity liable to be present in the 
air, are the relative hmmdiiVi ieriipt^atvre and venUiaHon. So, 
to secure the above ends in India, a scientific Simmer Air conditimi- 
ing Unit must arrange for cooling of the air, dehumidifying (for in 
summer humidity is high), cleaning of the air and adequate ventilation, 
while a Wmter Air^tondtttom7tg Umt must arrange for heating, 
humidifying (for in winter humidity is small), air-cleaning and ade¬ 
quate ventilation. 
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Summer Air’-conditioning .—^The cooling coil of a refrigerator 
is put at some chosen spot of the enclosure. By means of a suction 
pump fresh air is drawn througl^* a filter (for removal of particles 
of dust, smoke, etc. which are carriers of harmful bacteria) 
from one end of the coils to the other end, thus producing the desired 
circulation of a current of cooled air. If the moisture content of the 
room exceeds the comfort limits it is precipitated on the coils and 
is drained out. This is de-humidification. The speed of the suction 
pump and rate of cooling of the refrigerator coil are adjusted by 
automatic methods. The load on the plant depends on the season 
and the amount of heat leaking through the roof and walls. For 
air-conditioning therefore, a room carefully designed with suitable 
materials costs less. 

Winter Air-conditioning .—A heating coil (an electric heater 
or a steam-piping) is installed at a suitable place ^By means of a 
suction pump fresh air passed through a filter is drawn over the 
heater surface. Humidification is accomplished by trickling water 
on to the surface of the heater or by passing the steam pipes through 
a pan containing water. There arc automatic arr^ingemcnta for 
adjustment of the rate of healing, sucking of air and supp4'ing water 
for humidification to keep them within comfort limits. 

Only the most elementary principles of air-conditioning have been 
described above and the descriptions are only illustrative. 


Questions 

1. Distinguish between conduction end convection of heat. Illustrate the 

difiEierence by examples, _ (C. U. 1918, ’28, ’38; Dac. 1938) 

2. Point out the various ways in which a hot body may lose its beat. What 

methods would you adopt to reduce the rate at which heat ia lost vn each of 
those ways ? (C. U. 1924 ; Pat. 1923) 

3. Diatinfuish between conduction, convection, and radiaticn of heat. 
Describe experiments to illustrate the distinctions. 

(Pat. 1940 ; c/. Dac. 1931, ’33) 

4. Of what importance are these (refer to the previous question) in calorimetric 
determinations and what aiiangements would you make to eliminate their effects 7 

(Pat. 1932 ; ef. ’28) 

5. What are the different methods for the transmission of heat from point to 
point 7 Cleatly explain their difference with suitable examples. 

(C. U. 1931, ’41} Pat. 1949) 

6. Can you boil water in a paper vessel ? If so, how ? (Utkal, 1950) 

7. Explain why water can be boiled in a vessel made of thin paper, 

(Vis. U. 1955) 

8. If you touch a piece of icon and a piece of wood lying exposed to the beat 

of the sun, which feels hotter and why 7 (Da.-. 1930 , Pat, 1943) 

9. On a cold day a piece of wood and a piece of iron, when touched with 
fingers, appear to be different at different temperatures, though a thermometer 
pieced successively against each gives the same reading. How do you account 
for this, and how would you verify yout explanation by experiment 7 (Pat. 1928) 

10, Explain the working of Davy's safety lamp. (C, U. 1928) 

IL How will you ahow experimentally chat different substances have 
deffiereat conductivities 7 (Pat. 1937,*43) 
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12. State briefly bow you would compare experimentally the conductivities 

of a rod of copper and one of lead. (C. V- 1938) 

13. Define thermal conductivity. Explain the statement that tbe thermal 

conductivity of glass is 0'002 C. G- S. uniA. (All. 1944 ; U P.B. 1948) 

14. The opposite faces of a cubical block of iron of cross-section 4 sq. cm. 

are kept in contact with steam and melting ice. Determine tbe quantity of 
ice melted at the end of 10 minutes, the conductivity of icon being 0*2. (Latent 
heat of ice=80 calonea). (Pat. 1923) 

[Ana. ; 300 gms.] 

13. Find the difference in temperature between the two sides of a boiler 
plate 2 rms. thick, conductivity 0'2 C. G. S. units, when transmitting beat at the 
rate of 600 k'logram-calories pec square metre pec minute. (Pat.1935) 

[Am : lO^C } 

16. Steam at lOOX. is passed into an iron pipe 1 metre long, 15 mm. thick 
I and whose circumference is 10 cm. Water at 100°C. collects at the rate of 100 gm. 

^ per min. What is the temperature of the outside 7 

(ConducHvitv of iron=0‘2 ; latent heat of 8team“=540 cal./gm.) 

[Am. : 93 25°C.] (U. P. B. 1954) 

17, Explain how beat is propagated through a given body by conduction and 

define coefficient of conductivity. (C. U, 1932) 

18 Calculate the amount of heat lost through each square metre of the walls 
of a cottage, assuming that the walls are 4J cms. thick and that the ccndactivicy 
of tbe material is 0004 C. G. S. units, and that the temperature is 10*^0. higher 
than outside. • 

[Am. : 9 5 cals./sec,] 

19. Find how much steam per minute is generated in a boiler made of 
'boiler-plate 0‘5 cm. thick, if tbe area of the walls of the firc-chamber is 2 sq. 
metres ; the mean temperature of the plate faces 200°C. and 120'*C. respectively, 
the latent heat of steam 322, and the conductivity of the steel plate 0*164. 

[Am. : 60321*8 gms ] 

20. Heat is conducted through a slab composed of parallel layers of two 
different materials of conductivities 0*32 and 0‘i4, and of thickness 3’6 cms. and 
*4*2 cmi. respectively, The temperatures of tbe outer faces of the slab are 

• andS'^C. Find the temperature gradient in each portion. (Pat. 1937) 

[Ans. ,* 6’67“C. and 15-24'C.] 

21. A cubical vessel of 10 cms. side is filled with ice at 0‘*C.^ and ia 
immersed In a water bath at 100°C. Find the time in which all the ice will 
mall. Thickness of vessel<»0 2 cm. and the coefficient of conductivity=0 02. 

(U. P. B. 1948) 

[Am : 12‘22 tecs., aasuming density of ice=s0'9167 gmB./c.e.] 

22 Spheres of copper and iron oi the same diameter and of masses 8:7 

are both heated to 100°C. and placed on a slab of paraffin wax It is found that 
copper sinks in more quickly than the iron, but in the end tbe iron is level with 
the copper, having melted the same amount of wax t give an explanation of 
this. (Pat. 1935) 

[Hints.—Copper has less specific heat but greater conductivity than iron.] 

23 One end of a metal bar is heated. Indicate clearly the factors on which 
iche rate of rise of t.^mperature at any point on it depends. 

(Pat. 1925 ; All. 1946 ; R. U. 1949 ; UtkaL 1951) 

24. Two metal bars A and B, of the same size, but of different materials are 

coated with equal thickness of wax and placed each with one end in a hot bath. 
It is noted that at first the wax on A melts at a greater rate than that on B, 
but that when a steady state has been reached, a greater length of wax has been 
melted on B than on A. Explain this, (C.U. 1941) 

25. Define 'thermal conductivity* of a material. You are given two metal 

tods of the same dimensions ; describe an experiment to show which of them has 
the higher thermal conductivity. (Utkal, 1950) 

26. Explain ‘conductivity* and describe a method for determining it fox a 

metaU (R. U. 1948, *51) 
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27. Explain wky w« get land breeze during night and aea breeze during 

day <UckaI, 19A7) 

28. Diacusi, aa fully at you can, the grounds on which we conclude that 

radiant heat is but invisible light. ^ (C. U 1912, *33: Pat. 1929) 

29 Describe an experiment to show that the intensity of the radiation at 
a point due to a given source is inversely proportional to the square of the 
distance of the point from the soune. (Utkal, 1951) 

30. Describe an experiment si owing that thermal radiations are trans- 
mitted in straight lines Show how to prove experimentally that the radiant 
heat received by a given surface IS inversely proportional to the square of the 
distance of the surface from the source of heat. (Pat 1920) 

3L Describe a convenient apparatus for invcittgating the laws of reflection 
and refraction of beat and give the gencial results arnved at. 

(All. 1932 ; Pat 1945) 

32. Describe and explain the use of Leslie's cube. (C. U. 1948)' 

33. State the laws which govern the transmission of heat by radiation. ** 

You are given two ordinary clear glass thermometers ; and the bulb of one 

of them 15 coated with lamp-black ; compare their readings when exposed (1) on 
a damp cloudy night, (2) on a clear dry night in the cold weather, (3) in the 
aim. (Pat. 1932 ; cf 1942 j All. 1919) 

[Hints—'(1) On a cloudy night the free radiation from the earth being 
obstructed, the atmosphere becomes warmer, and as the lamp-black-coated bnib 
absorbs heat to a greater extent, the temperatuie recorded by it is htghtr than 
that of the othtr (2) On a clear nigbc the black bulb fadiates to a greater 
extent and so its temperature will be lower than that of the ottfer (3) In the 
sun the black bulb abitorbs heat radiation to a greater extent and so will indicate 
a higher temperature] 

34. Describe an experiment to show that good emitters are good absorbers. 

(Pat. 1949) 

35. Explain (a) why it is of advantage to paint the roof of a house white m 
the hot weather ; (6) the principle and constracCion of the thermos-flask. 

(Pat. 1939; of All 1945) 

36. Write a note on Crooke’a Radiometer. (R U. 1952) 

37. Explain why the walls of a green-house in cold countries are made 

of glass. (Utkal. 1951) 

38. Describe the principle and construction of 'Dewar's Vacuum flask' or a 

'Thermos-flask' " 

(Pat. 1951; G. U 1953 ; And. U. 1952 ; Del U. 1941; C U. 1950; Vis. U. 1952.) 

39 Enunciate Newton's law of cooling How would you verify it experi¬ 
mentally 7 How can you use this law to make radiation corrections ? 

(All 1 23,’26; A B. 1952) 

40, Enunciate Newton's law of cooling and point out its limitations. 

{of Dac 1941, Del U. 1943, M. B B 1952) 

4L A metal spheie cools from SO'^C to lifC, in 5 minutes and to 625'’C. m 
the next flve minutes. Calculate the temperature at the end of the next 
5 minutes. (Bom. 1953) 

[Ane : 56'875X] 

42. Give on outline of Prevost’s Theory of Exchanges. 

(G. U. 1951, '52. '55; Rajputana. 1948; East Punjub, 1950, ’53; Bomb. 1952, '55; 

AH. 1952) 

43. The bulbs of two identical thermometers are coated, one with lamp-black 
and the other with silver. Compare their readings (a) when in a water bath 
in a dark zoom, (6) when m the sun. (o) when exposed on a clear night. 

(Pat. 1927 ; of. 1924) 

[Hints.—(o) Both will indicate the temperature of the bath; (6) the 
temperature of the lamp-black-coated thermometer will be higher as it will 
nbisorb more heat, tays than the silvered surface; (e) the temperature of the 
IaiB^»biack-co8ted thexmomeiiu will be lower than the other as it will radiate 
out mace heat.] 
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MECHANICAL EQUIVALENT OF HEAT: 

HEAT ENGINES 

J55. Nature of Heat : {Calorie Theory) .'--Tlic old idea aa to 
the nature of heat was that of a weightless invisible fluid, called 
calorie^ which according to the supporters of the caloric tlicory, is 
present in every substance in largo or small quantities, rendering 
that ^bstanoe hot or cold. The fluid is, according to them, to be 
given up by a hot body when ])laccd in conflict with a colder one. 
The heat produced by compression or hammering was explained by 
supposing that ealortc was sque<‘zed out of the body like water of a 
sponge. Again, the heat produced by friction, as for example, by 
rubbing two bodies together, was explained by stating that in addition 
to the caloric squeezed out, the thermal eajiaeity of a substance was 
less in the powder form than when taken in large masses, and so the 
particles did not require so much caloric to maintain the former tem¬ 
perature ; so some heat was given uj) which raised the temperature- 
of the fine particles and the rubbed bodies. 

Rttrnford*s Experiments .—The first blow to the caloric theory 
was given by Count Kuraford in 1798, while suiicrintending the bor* 
ing of cannon at the Munich Arsenal. He observed tliata large amount 
of heat was developed both in the cannon and in the drill, which was 
apparently unlimited. He arranged to revolve a (dunt drill in a hole 
in a cylinder of gun metal weighing ILB lbs. by which the temperature 
rose up to 70 F., though the weight of the metallic dust rubbed ofl’ the 
cylinder was only 2 ounces. It occured to him that the only other 
source from which heat could be received was air. bo in order to 
avoid thfi effect of the atmosphere, he repeated his experiment by 
surrounding the cylinder with 2^ gallons of water which began to 
boil after some time. It appeared impossible that such a largo amount 
of heat could be liberated by such a small quantity of borings by a 
mere change in thermal capacity. This heat, he argued, could not 
also come from the water ; for water was only gaining heat. Rumford 
observed that the supply of heat produced by friction was unlimited, 
and he stated that any tiling which could furnish heat uithoui 
limitatioYh could not be a moierwl svhataiice. Heat was, accoi'ding 
to him, not due to something material as the caloricists thought, but 
a kind of motion. 

Davyds Experiment .—The final blow to the caloric theory was 
given by Sir Humphrey Davy who rubbed together in vacuum two 
pieces- of ice, which melted to form water even when the initial tem¬ 
perature of the ice and its surroundings was 29''F., below the 
troezing point. ^ Davy states ; “From this Experiment it is evident 
that ice by friction is converted into water, and, according to the 
caloricists, its capacity is diminished, but jit is a well-known fact that 
capacity of wat^ for heat is much greater than that of ice, and 
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ioe must have aa absolute quantity of heat added to it ‘ before it can 
melt Friction consequently does not diminish the capacities for heat” 

In spite of these experiments saientists continued to support the 
caloric theory until 1849, when the Dynamical Theory of Heat was 
established by the experiments of Dr. Joule of Manchester, who not 
only showed that heat is a form of energy, but also found the exact 
relation between heat and mechanical energy. 

Since then it is now believed that heat is a form of energy possess 
sed by a body due to the motion of its molecules. The more; rapid 
the molecular motion, the hotter is the body. 

1S9. Heat and Mechanical Work :—It is well-known that 
when two bodies are rubbed against each other, heat is produced. 
It is produced at the expense of the work done. Similarly, when 
a body, falling from a height, strikes against the ground, it loses its 
kinetic energy acquired during the fall, which is coii\ierted into heat. 
Conversely, heat energy is transformed into work in the case of a 
steam engine or internal combustion engine. The heat is derived 
in the case of the steam engine from the combustion of coal and in 
the case of the internal combustion engine from tho* combustion of 
petrol, gas or oil mixed u]) with air. • 

Every cyclist knows that at the time of pumping his tubes the 
pump grows hot. This is duo partly to the friction of the piston 
against the walls of the cylinder, but chiefly to tlie fact that the inward 
motion of the piston is transferred to the molecules of air coming 
into contact with it, which has the effect of increasing the velocity of 
these molecules. These molecules colliding with the advancing piston 
rebound with increased velocity which is so great that the tempera¬ 
ture of mass of gas at 0 C., when compressed to one-half of its 
former volume rises to about 87 C. , 

Shooting stars, meteorites are also other interesting examples. 
These are pieces of matter, cold to begin with, which are attracted by 
the earth. They run through the atmosphere with such enormous 
speed that there is rapid compression of gases in the atmosphere and, 
as a result of the work done, the rise of temperature is so high that 
these pieces of matter become luminous, and very often burn away 
altogether. 

Again when a gas is made to expand suddenly, it cools down. 
This shows that the work is done at the expense of the heat drawn 
from the gas itself. When a liquid evaporates, it cools down. The 
work of expansion due to va])orisation is evidently done here at 
the cost of heat energy of the liquid. 

The above facts indicate beyond all doubts that heat and work 
are intimately related to each other. The exact relation between 
them was established by Dr. Joule^s experiment and is as follows ; 

Whenever work converted into heat or heat info work, one is 
jegvivalent io the other. This principle of equivalence is otherwise 
ieohWKi ns First Lam of ThermodynamicM, 
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'%6^^'i^^fechanical Equivalent of Heat :—^According to the first 

law oiThermody tunics, as stated already, whenever heat is transfo!r- 
med into work or work itito heat, oift is equivalent to the other. TJIu 
amount ot mechanical work equivalent to unit heat is known as the 
merhaniral equivalent of heat and represents only the rate of 
exchange between these two forms of energy. Thus if W and M 
represent respectively the mechanical work and heat when one is 
wholly transformed into the other, and mechanical equivalent of 
heat te. mechanical work equivalent to unit heat, we have W^JH^ 

from the first law of Thermodynamics, or 

^ The mechanical equivalent of heat is represented by J in honour 
of Joule who first determined its value. 

^ The Value of J in different Units .— 

^ *7=778 ft.-lbs. per B. Th. U. 

\ = 778 X ^=1400 ft-lbs. per C. H. U. 

1 _ 1400X3018x453’6x981 _ i ■ r-- i 
/ -^ --—ergs per calone 1. 1 ft.=30 48 cms. 

} and 1 lb.=453’6 gms.] 

j =4186 X10"^ ergs, per calorie 

j =4186 Joules per caloric (1 Joule=10^ ergs.) 

I The most approximate value of *7 is taken to be 4'2 x 10^ ergs per 
4^1orio for ordinary calculations. 

tSl, Determination of J :— 


{o) Joule’s Experiment .—^The first exact determination of the 


quantitative rela¬ 
tion between heat 
and work, i.e. the 
mechanical equi-^ 
valent of heat^ was 
made by Dr. Jouls 
in 1849. 

In Joule's ex¬ 
periment work was 
expended in chur¬ 
ning water con¬ 
tained in a calori¬ 
meter and the heat 
produced was 
found from the 



resulting rise of te- Fig. 81—Joule’j Experiment, 

mperature \Fig.81) 
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A Specially constructed copper calorimeter (C) containing water 

was taken [Fig. 82 {a)]. 
'Four partitions {/’)mutu¬ 
ally at right angles to each 
other were fixed inside it 
[Fig. 82 A paddle 
could be rotated in water 
in it about a vertical 
spindle. The spindle {Hi) 
carried a sot of eight vanes 
(r) which passes through 
spaces cut in the station-^ 
ary vanes and could turn 
iuvside in a way similar to 
a key tnrning in the wards 



lunyr^ 



Paddle 


Scciior 
(b) 


(a) 

Kifj 82—Joule’s Caiorimctfr. .u,.. 

of a look. This arrangement prevented the water from being rotated 
in the direction of the paddle and was as a result thoroughly 
ohtirncd. To prevent tlie conduction of heat along the mohil spindle 
{K) it was iuterniptcd at MFig.8l| by a [liece of boj.-wood. A wooden 
drum fitted with a turning handle // is fixed on the spindle {K). 
The drum could be detached from the spindle by means of a remov¬ 
able pin (T*), A flexible cord passed round the wooden drum and 
its two on(k were taken to opiiositc sides of tlio drum and wound 
over on two large pulleys (7-’) as shown in the figure, ^’he axles 
of these pulleys were placed on friction wheels to diiuini.sh friction. 
The pulleys carried equal weights (J/) hung by strings wound round 
the axles. The heights of these weights from the ground below 
could be read from vertical scales (N). The motion of the paddle was 
produced by allowing the weights to fall. The pin T could be quickly 
removed and the weights {M ) wound u]> again by turning the handle 
JS without revolving the paddle. The fall-experiment was repeated 
a number of times and the temperature of the water recoidod at 
intciwals by meanss of a mercury thermometer. 


Calculation .—^In order to produce an appreciable rise of 
temperature, suppose the weights are raised and allowed tof all 
several times. 


Let w=masB of water in the calorimeter; jlf=mass of each 
weight; A == height through which each weight falls; number of 
falls; 

water equivalent of the calorimeter; 

i^^rise of temperature of water in the calorimeter ; 

velocity acquired by the weights on reaching the ground. 

.*• Potential enprgy in the raised positioiq for both the 

weS|^tse=2J!!ftfA, 

Kinetic energy just before striking the grounds=2xiifi>®wiff?*. 
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Total energy xised.~n{2Mgh^Mv^) ergs: and heat produced 
=^[m+w)t cal. 

. r_ . 

*’ ■ {m-¥w)l * 

Errors and Corrections— 

Joule had to make various corrections in ord(‘r to got a reliable 
result. He made an allowance for the onoi'gy converted into sound. 
Corrections were also made for the hjsscs due to conduction, radia¬ 
tion, etc. and for the energy absorbed by friction. 

Tlu* defects of his expt. wore ; (l) Jonle, on the authority of 
Regniuilt, assumed the specilic heat of water to be the same at all 
Jieraps.; (2) the mercury thermometer, he us(‘d, was not ealibrated with 
reference to any standard thermometer, such as a gas thormonietor ; 
(3) tlie rise of temperatnre attained in his experimci^t was very small. 

The final meamresult of the value of J given by Joule was 773*4 
ft.'lbs. per B. Th.U. But by lat<*r investigations, it was found that 
Joule^s result was rather low, Jind the aceci>t(‘d result to-day is 778 
ft-lbs^ B. Th. IT. 

\..Jfhportance of Joule^s Experiment. —By finding that the value 
of J is coie taht, i,e the rate of exchange between heat and work is 
constant when one is wholly transformed into the other, Joule estab¬ 
lished the equivalence between heat and work [First law of Thermo¬ 
dynamics]. This equivalence is independent of the way in which the 
work is derived or die means by which the transformation is effected. 
In a way thus he proved the law of conservation of energy as 
applied to the S])ecial case of heat and nieohanieal energy, and this 
proof forms one of the strong foundations on which the universal law 
of conservation of energy rests. 

(6) Searle*s (or Friction Cones) Method. —^The apparatus 
(Fig. 83) essentially consists of two conical brass cups A and jB, one of 
which fits closely into the other. The lower cup B 
is fixed on a non-conducting base which again is 
fixed on the top of a vertical spindle -S. The 
spindle can be rotated by a hand wheel or a niotor. 

A circular wooden disc CC is fixed to the inner 
cup A and a string wound round the ciremuferonce 
of the disc passes over a pulley and carries a suit¬ 
able weight W at the other end. When the cup B 
is rotated, A is prevented from doing so by the Fig. 83 

tension of the string, and the speed of rotation, 
which is counted by a speed counter, attached to the spindle, is so 
adjusted that the weight W hangs stationary, the tension of the 
string acting as a tangent to tlie disc. Now, the work done against 
friction between the surfaces of the cups, t.6, the mechanical energy, 
is converted into heat which raises the temperature of the cups and 
a known mass of water taken in A. A Ihermometer dipped in A 
records the rise in temperature. 
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J= 


Calculation^ — Here for a steady suspension tbe moment of the 
average frictional force F between the cups is equal to the moment 
due to the force Tf(= Mg\ where M is the mass of the weight. The 
former** J’x a, where a is the mean radius of the surfaces of the cups 
which are in contact So, Fa^Mg x r, where r is the radius of the 
disc. Now, the work done in ergs for each revolution=*27raX JP. 
For n revolutions, the woTk=27TnaF=^2nnMgr ergs. 

Again, ibw be the mass of water in the cup, w the water equiva¬ 
lent of the cups, and fC. the rise in temperature, the heat deve¬ 
loped by rotation, calories. 

Hence, the mechanical equivalent, calorie, 

OtherwUe thu ».—^The work can be calculated also thus. The 
work done for n turns of the spindle in overcoming the friction 
between the cups is the same as would have been spent if the spindle 
and the outer cup £ had been kept stationary and the inner cup A 
had been made to rotate by the wt., W[=^Mg\ making n revolutions 
of the disc slowly. „ 

The mechanical work done=(force x distance) *= Mg K 27rr». 

work don e 

heat developed M 

Radiation is the chief^urce of error in this experiment to reduce 
which the cups must be/W*ightly polished. 

A simple Laboratory Method for Deter¬ 
mining J. —The following example illustrates a simple 
method for dotorraining th«* value of J. 

A cylindricit tube 15 cm$. long made of a non-conducting maie- 
. rial, eloeed at both ends, contatns 500 gma. of lead shots, which 

failing when the tube is held vertically, occupy ti oms, of the tube length, 

lead I'he tube is suddenly inverted eo that the end onginally above, 

shat ig now below, and the shots fall to the other end of the (ube. The 

tube ie then again quickly tnverted and the process ie repeated 
200 times. At the end of this proosss the temperature of the shots 
is found by means of a thermometer to be 1 4 O higher than it woe 
at the beginning of the experiment. Find the value of the meohani- 
eal equivalent of heat {Sp. St. of lead ie O’OS. It ie assumed that 
no ^dt ie lost by radiation or conduction) (O. U. 1910) 

The lead thocs tall through a heights(15—6) cms. each 
time the tube is inverted. Hence the loss o£ potential energy 
for each time. 

s=500x981x(15— 6) ergs. 

• The total loss=200 X 500 x 981x (15—6) ergs. 

Heat developed in lead shotss:500x 0’03xT4 caL 
/. Mechanical equivalent (J)'" done 


heat developed 
_200X 500 X 981X (X5-6) 
003X1*4 


ergs pet calore 


>4*2x10’ ergs pet calorie (nearly). 
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(cO Electrical Method .— Vide Current Electricity, CL V. 

(e) Mayer's Method of determining J —Mayer used the 
relation Cp^’C, [Hde Art. 82^in 1842 for the determination of 
the value of J before its first direct experimental determination in 
1849 by Dr. Joule. 

It is known that 1 c.c. of air at N T.P. weighs 0*001293 gm. 
Therefore, the volume Vo occupied by 1 gm. of air at N.T.P, is, 

Fo=* 1/0001293 C.C. 

Since the normal pressure P* is 1013X10® dynes/cm.®, the value 
of B, for 1 gm. of air is given by, 

j>_ PoF, _1013 x108 1 

273 273 0*001293' 

Taking tiie value of Cp== 0*238, and <7#=0*17 for 1 gnu of air, we 
have, 

l’013x^0®_1_ 

Cp-Cv 273X0*001293 (0*238-0*17) 

=4*2x10* ergs per calorie. 

Another Relation. — The kinetic energy of a body of mass m 
moving with velocity v = limv^. 

Heat developed H when the body meets an obstacle and 'stops 
suddenly —where s is the specific beat of the body, and t the rise 
in temperature by the impact. 


Then, 

or. 


or, 


n « kinetic energy « Imv^ 
jn.=^\mv^ ; or, Jx m8t=^\mv^ 

^ 2sf 


Examples—(I) How much work %» done in eupphjiug henH 'ifeeeeary to 
eonvert 10 gms.. of tee at—fi'C. into steam, at 100 V. (All. 1917,; M. U. 1942) 

{tp heat o/iCe = U5; ^ = 42x10^ ergejcalorie) 

(a) Heat neceisary to convert 10 gtns. of icc at-5'‘C. into ice at O'^C.* 
10x0'5x5=25 cal. (6) Heat necessary to convert 10 gms. of ice at O'C into 
water at 0°C=10x80=800 cal (o) Heat necessary to convert 10 gms, of 
water at O’C- into water at 100°C.=10X 100=1000 cal. id) Heat necessary 
to convert 10 gms. of water at 100'C. into steam at 100"C.=s 10 X 536 s5360 caL 

The total heat necessary=7183 cal. 

Work done JxH=4 2 X10^ X 718^ erg8=3‘0l77X lO^i ergs. 

(g) If a lead bullet be suddenly stopped and allits energy employed tokaol %$, 
with what oelocUy must the bullet be fired in order to raise Ae tempercOure through 
100^0., the speeifio heat of lead being 0 0314. « • 

Let m be the mass of the bullet in grams and t> its velocity in cms. per 
second ; then its kinetic enettj‘^mv'f2 ergs. 

And heat produced (H) when the bullet is stopped=mx0*0314X100 cal 

4*2XlO’'=5^-f (mx00314xl00) ; whence e«l62*407xlU* cms, per sec. 

nearly. 

(S) A lead-hall dropped from on aeroplarte at a temperaiure of 16°0„ suet 
melts on striking the pround Supposing the whole of its kinetie energy i$ oon'perted 
into heat, find the hmghtof the aeroplane at the moment of which t?te btdl is dropped 
(ep. id. of lead^O'OSi melting point of leadsstM0X\ ; latent haut of lead^SS 
calories). (Pal. 1932; Q. U. 1951) 
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If fc b« the height of the eetoplane, the lose of potential energy of the ball 
«sf»X981Xi^ ergs Thia is converted into heat, which first raises the tetxlpe- 
tatiire of the bait through (350-15) X.. and then melts it. 

The total heat developed *»» x X 35 cal ■»«» x 45'05 cal. 

This is equal to (mX981xA)*s-J; so 4-2x10’'e981xwxh-5-(mX45D5); 
whence h »19287*4616 meties. 

(4) Jf the fneohanienl equivalent of heat b« 779 Foot’Pound’Fahnnhvitunitt, 
from what hoight muit 10 Ibe. of waterfall to ratte ite temperature by 1 0 f 

{Pat. 1940) 

9® 

l,et hft. be the required height. Rise in temperature *l®C.a=ig F. 

Heat produced fl = 10XlX^=18 B, Th, U. 


Work done TTasforceXdistanccsalOxh ft,-lb8. 


lOXh . 
■ 18 ’ 


01, 779* 


18 ' 


or, 


A=1402*2 ft. 


(6) With what velocity muet a lead bullet at 50^0. strike against an obetade in 
order that the heat prodwed by the arrest of the motion, tf all produced within the 
build, must be just mjficimt to melt n ? {Sp ht. of leads 0 031; melting point 
of leads, aSS’^O, latent heat of fusion of lead=6 37) (C. V. 1930; Dao. 1932) 


The available energy =s^»7W*. This is converted into beat by which w gms. 
of lead is raised in temperatuie from 50'C to 335®C. ar d then melted. The 
amount of heat developed, (H)=»»x0-031x(335-50)+"»X5-37— otX 14*2 
calories. 

We have, JJSr«work or energy. 4*2X10'XmX 14*2=^ me* ; whence 

(M 

0*34*5X10® cms. per sec. 

{&) A meteorite weighing 2000 kilograms falls into the sun wWi a veloeitif 
of 1000 kilomstres per second. How many ecdories of heat will be produced f 
(Jssti lOKlO"^ ergs per ealorie). (0. U. 1926) 

ms5!2000 kilogr8m8=(2000xl000) gms. 

The kinetic energy of the meteorite = ime* * 

»4X(2000X1000)X (1000X1000X100) crgfl-10*> ergi-JH. 

•’* ® ^ calorics. 


(7) The nuchanietd equivalent of heat is i‘2 Joules perecdorie. By what 
number should it be expressed in the P. P. S. system f {Aeeume 1 kilograms 2 2 lbs. 
and 1 inehss2 6 ems ). {Pat. 1942) 

i calorie*beat zequiied to raise the temperature of Igm, of water through 
rC ; 1 gm.-l/10« kg,«(1/10®)X 2-2 Iba.; rC.=|°F. 

1 caloriew^ Xg lb -degree Fahrenheit unit (or B. Th. U.) ... (1) 


We have J=s4*2 Joules per calorie*4*2x10' ergs, per calorie, 

■"981°^ «®s--cin. per calorie kg.-inch, per calorie 

„ 4*2X10'X2*2 . 

981X10-* X 2-5x12 


* 

« P 


From <1). ^ per B, Th, U, 

981X10* X 2*5x12x2*2x9 
«a7929 ft,-lbi, pet B. Th. U. 
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V 162, Wor&db««&yaGat?-^Thewoi!kdonedj^aeae,wlieiiit 
-expa^ at ooaBtaut pressure, is equal to the product of the pressure 
'And the iuorease in volume. And, when a gas contracts at oonststtt 
pressure, the work done up the gas is, equal to the product of tiie 
pressure and decrease in volume. ' 


Let a nertajn amount of gas of volume ©1 c,c. be enclosed in a 
cylinder of unif orm cross section htted with a piston of area, A, ocou- 
pyjng a length/i of the cylinder and let p be the uniform pressure 
acting on tiie piston. Iherefore, the force on the piston A X o. Sun- 
pose the gMexpa.nds, the increased volume being ©« occupyine a 
length U, Then the work done by the gas=foroeXdisUnce==pX AX 
Us - Ij) ergs-p X (©2 - ergs. 


J[ Thus, the work dom by a gas during expansion is equal to the 
proi^t of the pressure and the increase in volume. Similarly the 
work done on a gas can be shown to be equal to the product of the 
pressure and the decrease in volume. 


Example. ffou> mueh work i» done againot uniform protouro when 1 am of 
at 100^0 i$ CMverted %nio ^team f Sxprt92 your T6$ult w cojorte^, * 

lA3i^ 101S\ 

The preiiiue at w^ich 1 gm of water at 100°C. change* into steam la 76 cbm 
of mercury. The.preJsure a 76X13*6 X 981 dynes per sq. cm 


When water » changed mto steam, its volume is increased 1670 times So 
the volume of steam formed out of 1 c.c. of water is 1671 c.c. Hence the work 
done!ss76X 13*6X 981x1670 ergs. 


This IS equivalent to 


76X13*6 x 981x1670 
42X10^ 


caloneBa40‘52 cal. 


163. Energy given out by Steam The high value of the 
^ latent heat of steam shows that when steam condenses, a tacemendous 
amount of heat is given out, some of which is converted into ^ork as 
in the case ef a steam engine {vide Art. 165). 

We have already seen that 1 lb. of steam in condensing at 100°C. 
would liberate about 965 B. Th. U. of heat, which would raise the 
temperature of 965 lbs. of water through i‘'F. Each B. Th. U. is 
equivalent to 778 ft.-lbs. of work. So the energy given out=778x966 
-760,770 ft-lbs. 


This means that the above amount of energy which is liberated by 

750 770 ^ 

1 Uh. of steam is also derived by a mass—tons — 335 tons 


•(nearly), in falling through 1 foot So the same amount ol encigy 
most be necessary iu boiling 1 lb. of water into stemn. 


We have already seen also that 144 B. Th. U. will be nedmiry 
in melting 1 Ib. of ice which is equivalent to 112,032 ft4bs. This 

energy will be liberated by a mass “^^^^—50 tons (nearfy), ia 

laUing through 1 foot 


82 
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HEAT ENGINES 


1$4. Colwmion of Hoot into Mechanical Energy :—Tho 
transformation of mechanical energy into heat has already been ex¬ 
plained. Now we shall deal witli the reverse process, that is, the con¬ 
version of heat into mechanical energy. The machines by which this 
is done are called Meat kvgtnes^ which include the Steam Engines, 
Steam Turbines, Internal Combustion Engines, such as Oil or Gas 
Engines, Pptrol Engines, etc. Iliese engines are often referred to as 
prime movers because they develop their motive power directly 
from fuel Obviously, an electric motor is not a prime mover. 

Boilers. —^The steam engine is an external combustion engine, for 
the combustion of the fuel from which ultimately the motive power is 
derived takes place in a separate unit, namely the boiler which igl 
outside steam cylinder. By the heat of combustion of a fuel, 
such as coal which is the most common form of fuel used for boilers, 
steam is raised in the boiler. In modem boilers there is arrangement 
for superheating the steam at constant pressure. Thereby the 
advantage of high temperature is obtained without raising the pressure 
of the steam. This increases the efficiency of the steam engine with¬ 
out increasing the cost of construction. For safety, boilers are provi¬ 
ded with safety valves which protect the boiler from development of 
high internal pressures detrimental to it. 


Safety Valve. —An ordinary safety valve for a boiler is only a 
class III type of lever {vide Art.l80(a), Part I) Ttconsistb of a straight 
lever hM pivoted at one end F. The valve (T) is attached to the lever 
at some intermediate point A cloae to F. The valve is held down on 



its seat against the up¬ 
ward steam pressure by 
a relatively small weight 
( W ) hung on the lever at 
the distant end (J5), The 
weight W and the dis¬ 
tance Fi?arc so adjusted 
that if the steam pres¬ 
sure acting upwards ex¬ 
ceeds a certain value, it 
overcomes the down¬ 


ward force exerted on the valve by the weight W and the valve opens 
up whereon steam continues to escape into the atmosphere until the 
pressure within the boiler falls to the normal value when the valve 
closes again. 


Regulation of Speed .—^The speed of an engine is liable to 
change on change of load. To ensure a smooth running at constant 
apoed, a device called a gove*jM»r is employed. It is a self-acting 
machinery driven by the main-shaft of an engine and controls 
supply of power to ^he piston. In the steam engine it regulates tiie 
supply of steam from IChe boiler to the cylinder. 




499 


MECHAmCAL EQUIVALENT OF HEAT : HEAT* ENGINES 
V * 

Woftt'* Governor. —^Xhe principle of its action has been dealt with 
in Art. 93 (tJ), Part I, in connection with centrifugal forces. Fig, 86 
illustrates such a governor coinmiviicating with a throttle valve. 
A throttle valve is usuahy fitted in the steam-supply tube between 
the stop-valve of the boiler and the steam-chest of the engine. 

In the figure, a vertical spindle (F) has been shown to revolve by 
gearing with the engine shaft. So 
its speed rises or fails with that 
of the engine. It carries a pair of 
heavy bails (A c& h) which are 
fastened to the spindle {V) by 
ilinks pivoted at 1\ When the 
engine speed increases and the 
balls rise, tliey pull down the 
collar 0 which slides on the 
spindle ( V). The forked end of a 
lever (L) pivoted at R is fitted on 
this collar, the other end being 
ultimately connecfihd to a hip 
in the steam pil>e,called a throttle 
valve. As thccoliar isi)uiled down, 
the tap tends to reduce tluj opening for steam whereby the steam 
supply to tlic engine falls .itid the engine slows down. If the engine 
speed goes down too iniioli, the balls fall and so the collar is raised 
and the throttle opens up allowing more steam to pass into the engine 
and the engine speeds up. 

The Crank and the Fly Wheel. —It was again Watt who first 
* converted the to-and-fro motion of the piston of an engine into 
circuki* motion by means of a coiineeting rod and crank. Fig. 87 

shows a crank fitted to a piston by means of 
a connecting rod which takes up the motion 
of the piston and converts it into tho circular 
motion of a shaft. The crank (C) is a short 
arm between the connecting rod (R) and the 
shaft (jSt). At the forward stroke of the 
Fig. 87—A Crank, piston the connecting rod pushes the crank 

while at the return stroke it pulls the latter 
resulting in a complete circular motion of the shaft. During each 
revolution of the shaft there are two points when the connectmg rod 
and the crank come into in the same hue and no turning moment is 
exerted on the shaft These points are called the dead centre posi¬ 
tions. Again at two points the crank and the connecting rod are 
mutually at right angles when the torque is maximum. The torque 
ou the shaft t^ing thus variable, the speed of rotation of the shaft 
tends to vary in course of eaoh revolution. A big fly wheel is usually 
mounted on the shaft, which by virtue of its large momept of inertia 
{vide Art. 70, Part 1) carries the shaft across tile dead centre positions 




Fig. 86—WaM'a Governor and 
Throttle-valve. 
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^ 1 
*Ad by absorbing energy -when ibe speed is greater due to gre^»r 
torq^uB during one-half of the revolution and releasing the same wh^ 
the speed tends to fall owing to* smaller torque and the n^ haa 
revolution^ serves to keep the speed of the shaft uniform. Thus it 
acts as a reservoir of energy or stabiliser and seeks to smoothen out 
any variation of speed during a revolution. So it may be noted in 
this oonnectiop^^Kat the function of a governor is to prevent any 
variation of-^^ed on change over from one load to another, 

TBSi^he Steam Engine : —In 1768 James Watt of England 
invented the steam Engine {viie life of James Watt, Art._ 170). The 
following must be the essential parts of a Steam Engine, though 
engines of to-day may differ considerably in details of construction. ^ 



Fjg. 88—The Steam Engine. 


— 


(1) A Boiler. _Steam is raised in this plant {vide Art. 164) which 

may be either of the smoke-tube type or of the water-tube type. For en- ■ 
^ gines of la^e horse-power, superheated 

steam at high pressure is prMuoed by 
the boiler. The steam from the boiler 
is led through a tube into a Ghest,called 
the steam-chest or valve-chest. This 
st^m supply-tube is provided with a valve, 
^ near the boiler-end, called the stop-valve 
for rhgulation of steam. Farther down 
towards the steam-chest a throttle- 
valve is situated. 

(2) The steam or Valve-chest .—^It is 
g}y a rectangular stout box {Fig. 88) moun¬ 
ted on the cylinder of the engine. It 
has three openings or ports. The 
middle one is connected with tiie 
„ exhamt pipe while through ^e two 

® side ones the steam chest communi- 


III 

11 '■ 






4- * » ^ a » 


Lefuum 








Elf. 69 


pgAm with the cylinder. Th^ two oommunicatuig porte are alter- 
W0|y dosed and opened by m^uis of what is c^Ued a mlve* 
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(3) Th$ Blii 0 It has a variety of forms, D-vaive (showa in 

. the figure), piston-valve, drop-valve, etc. Its function is to direct the 

steam into ^e cylinder t^rou^ the two communicating ports alter*- 
na^y so that the which woi&s in the cylinder is acted oh 
from either side in tarn, producing a to-and-fro (reciprocating) moticm. 
It is provided with a spindle driven by a connecting rod joined to an 
Beemtric disc mounted on the main shaft of the engine. 

(4) TAe et^linder and the piaion —A steam-tight piston usually of 
cast steel, works inside the cylinder which is a cylindrical vessel of 
high strength and which communicates with the steam-chest through 
the two communicating ports. Its spindle called die piston rod works 

Jthrough a packing or siufflng box with which the front end of the 
* cylinder is provided and is joined to the driving rod otherwise called 
the connecting rod at the cross-head by means of a pin called ^e 
gudeon pin. The cross-head moves along a fixed ^oove in a ffuide 
producing a straight line motion. The driving rod is connected to the 
crank by the crank pin. The crank which is mounted on the shaft is 
a contrivance for converting the to-and-fro motion of the piston rod 
into circular motion of the shaft. 

(5) The fiy wheel .—It is a large and massive wheel (vide Art. 164) 
mounted on the main shaft. The turning effort on the shaft produced 
by the crank is not constant during a revolution. It is the fly-wheel 
which keeps the speed of the shaft constant by smoothening down 
the variation by means of its large moment of inertia. It also helps 
the crank to move across the dead-centre positions. 

(6) The governor .—On change of load, die speed of the engine 
varies. To keep the speed approximately constant on all lo^, 
a self-acting machinery, called the governor, driven by the main shaft, 
is used (pde Art 164). It is* connected by a system of kvers to a 
regulating valve, one form of which is called the throttle-valve. The 
revolving balls, with which the governor is provided, rise or fall 
according as the speed increases or decreases. This rise or fall of the 
b^ls operates a sleeve which communicates through a lever system 
with the throttle-valve and accordingly steam-supply is so reduced 
or increased os to keep the speed constant. 

FrincipU of Action.—Here the heat energy of steam is trans¬ 
formed into mechanical work through expansive action. 

Steam from the boiler is led into the steam-chest whence it 
enters into the cylinder, "When steam enters the cylinder through the 
lower steam port shown in Fig. 89, the slide valve covers die 
exhaust and the upper port so that these two are put into commnid- 
cation. The pressure of the steam duo to its expansive action pushes 
the piston forward and forces out the cushion steam on the other side 
through the exhaust. The movement of the piston rotates the crank 
shaft whereby the motion is ^o communicate through an eccentric 
disc to the slide valve which moves opposite to the piston* lie slide 
valve then covers up the lower port and the exhaust by the fete the 



502 


xntebmediatb physios 


piston reaches the forward end. The steam now enters through the 
Tipper port and the same action as in the previous stroke occurs but the 
motions are all reversed. ThesCj^wo strokes, forward and backward, 
form a cycle of operations which is repeated successively. The 
to-and-fro motion of the piston is transformed into a rotatory motion 
of the shaft by means of the crank. Twice during each revolution of the 
shaft, the crank and the connecting rod come into the same straight 
line, when there is no turning effect on the shaft. This positions 
are called the dedd centres or dead points. Again, at two positions 
daring each revolution, the crank is at right angles to the connecting 
rod when the turning effect is maximum. The heavy fly-wheel 
carries ihe shaft through the dead-centre positions and smoothens out, 
the variation of speed owing to different turning effects during a * 
cycle of operations. The change of speed due to change of load on 
the^ engine is regulated by the governor which is also driven by the 
main shaft. Its balls rise or fall as speed increases of decreases. This 
rise or fall of the balls operates a sleeve which communicates with a 
throttle-valve and accordingly the steam-supjdy is reduced or 
increased so as to keep the rated speed constant. 

Condensing' and Non-condensing Engines. —The engine in 
which the steam passing through the exhaust-pipe escapes into the 
atmosphere is called a non-coitdcnsing enqine ; and the engine in which 
the exhaust steam is led into a vessel, called a condenser, where it i'* 
condensed at a low temperature and pressure into water again, is called 
a condensing engine. When the .steam exhausts into such a condenser 
where the pressure is kept low (which usually is not more than a 
pound per square inch), the back press\ire against that end of the 
piston which is open to the atmosphere is reduced from about 15 lbs. 
to 1 lb. and in that case the effective •pressure, which the steam on 
the other side of the pi.ston can exert, is increased. The condensed 
water (condensate) is again used in the boiler to raise steam. 

Single and Double-acting Engines. —^Thc engine, we have 
already considered is a double-acting one, as here the steam pressure 
acts on the two sides of the piston alternately. In a single-acting 
engine, steam pressure acts on one side and the atmospheric pressure 
acts ou the other side of the piston. *Thc power developed in latter 
engines^ is half of that in a double-acting engine of the same size. 
E£(‘opting in very small engines, single-acting engines are now-a-days 
seldom used. 

166. The Internal Combustion Engine :—The engines used 
in air crafts, motor-cars, oil engines, etc. are known as Internal 
Comhnsiion Kngine.s, so named because the combustion of the fuel is 
carried out inside the cylinder of the engine, and not outside the cylin¬ 
der us ill tlie boilers of st<‘am engines So internal eombiistion engines 
occupy less room and are specially suited for small power purposes. 
Their thermal clfioiency is higher than that of the steam engines. 
Compared to that of steam engines, their speed is also much greater. 
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The general arrangement of the cylinder and piston in the case of 
an internal combastion engine is almost the same as in the steam engine, 
but whereas in the steam isngine the piston moves by the force of 
expanding steam, in the internal combustion engine the movement of 
the piston is produced by the explosive force generated by the com¬ 
bustion of a fuel, supplied in the vapour form mixed wiib air. The 
fuel used is either a gas—^such as coal-gas^ town-gas, etc. or a liquid 
such as petrol, benxene, alcohol, etc. which arc readily vaporised, or a 
heavy ofl, like Diesel oil, etc. and every one of these, when vaporised, 
forms an explosive mixture with air. 

A gun firing a bullet is an example of a simple internal com- 
^bustion engine. Here the spark produced by striking the tri^er against 
the cap explodes the powder and converts it into hot gasses which 
drive the bullet forward with a great force. 

Principle of Action. —^Internal combustion engines are gene¬ 
rally four*stroke engines, i.e. they require four strokes of the piston 
to complete a cycle of operations within the cylinder. There are 
also two-stroke engines. 

The four stroke cycle is simple and is of proved economy and is 
generally used in stationary engines of small and medium power. It 
is also not iinoften used for stationary engines of large power. A 
two-stroke cycle engine has advantages oi lighter weight and smaller 
space requircluent‘^ and are, therefore, almost alwa>b preferred for 
marine purposes 

The engines commonly used in motor-cars, aeroplanes, etc. are all 
four-stroke engines working on the Otto-cyclo. The operations of 
a four stroke internal combustion engine of the Otto-type may be 
explained as follows (Fig. 90). 

. OTTO-CYCLE 

(1) First Stroke ( Charging 

Stroke ).—The piston moves outwards 
and draws into the cylinder an 
explosive inixtiu’c of air and gaseous 
fuel through the inlet valve Fj which 
then opens up, • 

(2) Second Stroke {Compression 
Stroke) —The piston makes its return 
stroke, ? e. moves inwards and com¬ 
presses the explosive mixture, the 
valves (admission valve E and exhaust 
valve 1)) being closed. 

(3) Third Stroke {Working 
Stt oke ).—At ^ the beginning of this 
stroke, the mixture is ignited by elec¬ 
tric spark and explosion occurs where¬ 
by the contents rise in pressure and 



Fig. 90--Four.Bttol£« Otto-cycle. 
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temperature almost at constant volume. The piston is driven 
outwards by the expansive action of the g^scs, all the valves being 
closed and energy is communicated to the fly-wheel enabling the 
engine to do work. 


(4) F^urth-Stroke {Fxhamt Stroke )—The piston moves in¬ 
wards and the spent gases are forced out of the cylinder through the 
exhaust valve 1) which is then opened. 



Fig 91—^The Petrol Engine 

engine; the former is only 
engines are commonly used in 


In the above sequence of opera¬ 
tions, which IS called a cycUy the 
engine is fired only once and work 
is also done m one stroke in the* 
course of two forward and two back¬ 
ward strokes of the piston. For thie 
reason, an engine working on &is 
plan is called a four-stroke engine. 
In a two-stroke cycle engine, the 
operations of r Aargtngr, compressing, 
working and exfiaust are all done 
in two strokes of the piston. 
Therefore, for the same ‘^peed of 
engine, a two-stroke cycle engine 
does twice as much work as a four- 
stroke cycle engine does. 

167. /nternal Combustion 
Engines of different types :— 
(«) The Petrol Engine — 
There is no difference in principle 
between a petrol engine and any gas 
more compact and light. The petrol 
motor-cai« and aeroplanes. 


In Fig. 91 is shown the diagram of a petrol engine where there is 
a piston working in the cylinder P as in a steam engine. Above the 
cylinder there is a chamber, called the combustioii chamber, where 
the mixture of air and petrol vapoui is ignited by means of electric 
sparks from sparking plugs fitted into ^e chamber. The entry of 
the fuel into the chamber by the inht pipe and exit of burnt gases by 
the exhaust pipe are controlled by two valves (Fj and Fg) of 
mushroom type held down on their scats by springs and lifted at 
proper moments by the action of cams, Ci and C's» fixed on a rotating 
shatt driven by the engine itself. The cylinder is water-jacketed in, 
order to prevent the temperatorc from rising too much, usually not 
greater than about 180''F. 


^e explosive mixture of petrol vapour with correct proportion 
ol SOT is formed in an arrangement known as the carburettor, and the 
air «0 changed with petrol vapour is said to be corburetted. 


i 
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The cuixent for iihe ignition of the cha^ is supplied by a mapn^io 
which is a magneto-eleotric machinery driven by tiae engine itsdtt. 

A petrol engine, as in a motor-car or aeroplane, is provided with a 
bank of cylinders, usually a multiple of two. The pistons of all the 
cylinders contribute their efforts to the same main shaft through 
their individual cranks which are fitted on the main shaft at equal 
angular spacings and tlie total power developed is the sum of the 
powers developed in the different cylinders. 

(b} The Gas Engine .—A Oas Engine employing about one 
part by volume of coal gas and eight parts of air works like a petrol 
engine and is driven by properly-timed explosions of the mixture of 
gas and air occurring within the cylinder. The ignition of the explo¬ 
sive mixture is effected by contact with the hot walls of a metal tube 
or by means of electric spark. 

A Gas Engine and a Steam Engine Compared .—^Though 
the fuel used in a gas engine is comparatively expensive, still a gas 
engine is better*for the following reasons.— {a) its efficiency is much 
higher than \hat of a steam engine ; [b) it occupies smaller space and 
it is more free from smoke. 

(c) The Oil Engine .—In an Oil Engine, the oil which is used 
as fuel is supplied in the form of spray into a vaporiser tube— 
a red-hot metal tube, and at the same time air is also admitted 
there. The oil is converted into vapour, and the mixture of vapour 
and hot air explodes either with or without the help of spark. 
Hot gases are produced in a small space duo to which the pressure 
and temperature becomes high, and so the piston is driven with a 
considerable force. 

In a Diesel Oil Eogine, so named after the inventor, the cycle 
of operations works in the following way— 

At the fint stroke only air ie sucked in at a pressure less than the 
atmospheric pressure, and at the serond stroke, the air is very strongly 
compressed, keeping all the valves closed, so that much heat is deve¬ 
loped within the cylinder. At the beginning of the third stroke, oil 
is injected at very high pressure into the cylinder whereby it vapo¬ 
rises, which coming in contact with tlio intensely heated air of the 
cylinder takes fire spontaneously almost at constant pressure. After 
this, the volume expands and work is done. During the fourth 
stroke, the exhaust opens and the burnt gases escape. 

A Diesel Engine has only air in the cylind^ during compression 
and 80 the compression pressure may be raised as high as necessary 
consistent with idle stoutmess of the engine without any chance of 
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l^ignition and tliereby the efficiency may be increased. The Otto 

Engine, of course, is inherently more efficient. 

• 

id) Aerchengines .—^These are also internal combustion engines. 
An aero-engine should be as light as possible and in this respect it 
differs from other I. C. engines. The weight-reduction has been 
to-day carried to such an extent that a modern engine of this class 
has a weight of even less than one pound per horse-power, vffiereas 
in other types of engines approximately a weight of 10 lbs. per 
horse-power is considered necessary. Besides its low weight it has 
the advantage that it produces its power from the minimum quantity 
of fuel Aero-engines are all four-stroke Otto engines. 

J68. Thermal Efficiency of an Engine :— • 

Thermal efficiency = Heat c^verted into work 

Heat taken in 

The heat converted into work can be known frorn^hc horse-power 
developed by the engine and the heat taken in can be* determined, 
(a) in the case of the steam engine from the quantity of steam used 
and the initial and final conditions of the steam, and (h) in the case of 
an internal combustion engine, from the quantity of fuel consumed 
and the calorific value of the fuel. 

The thermal efficiency of a steam engine is not even more than 
20% ; that of an ordinary locomotive is seldom greater than 10%. An 
internal combustion engine has^a thermal efficiency of about 30%. 


indicated Horae-power (/.ff.P.),—^It is the actual power deve¬ 
loped in the engine cylinder by the steam in the case of a steam 
engine, by the combustion of a gas in a gas engine, and by the com¬ 
bustion of the liquid fuel in an oil or petrol engine. It depends on the 
following : (1) the mean effective pressure on the engine piston during 
the stroke [pm), (2) the cross-sectional area of the piston (A), (3) the 
length of stroke of the piston [L), and (4) the number of working 
sti-okes per raiuuto (N), For a single cylinder engine, 


whore Pm is in Ibs./in.®, L in feet, A 


m sq. 


inch and depends on whether the engine is single or double acting 
and aKo on whether it is a two-stroke or four stroke cycle cogine The 
borso-power so obtciincd is called the indicated horse-power, because 
it is indicated by the action of the working substance in the cylinder 
and determined from the mean effective pressure of the working 
substance on the piston which is usually found by means of an 
installment known as the indicator. 
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I N,B. —In the case o£ the steam engine, for each revolution of the 
®aain shaft of the engine, which produces two strokes of the piston- 
one forward and the neat backwardf there are two working strokes 
when the^ steam is double-acting. Therefore, for a double-acting 
steam engine x Revolutions Per Minute (R.P.M.) of the engine, 
while for a single-acting steam engine (which is rare) N^R.P.M. of 
the engine. 

In the case of internal combustion engines (which are almost 
always single-acting), when it is a two-stroke cycle engine, 

and N = ^^"^-when it is a four-stroke cycle engine.] 

Brake Horse-power (B.W.P.). —All the power developed 
within an engine cylinder as represented by its I.H.P. is not avai¬ 
lable for useful purposes, for a part of it is used up by way ^ of 
mechanical lo'iseg in the driving of the engine itself. So the eflFeotive 
horse-power, which remains available for driving outside machinery 
is always less than the I.H.P. and is known as the Brake Horse 
power of the engine, and is so named as it is commonly determined 
by making the eflgine operate with a brake on the fly-wheel, tlie test 
being known‘as a brake test. 

Mechanical Efficiency and it varies according to the 

A»AJ.tA k 

load on the engine. In modern cngin<'s the mechanical efficiency 
IS often greater than 80% at full load 

169. James Prescott Joule {1818 — 1889) :—An English 
Physicist born at Salford near Manchester. He had a delicate liealh 
and so ho was educated at home. 

While quite young be felt an 
urge for •scientific \TOrk as a re¬ 
sult of his contact with John 
Dalton who was his private tutor. 

His father had a Urge brewery 
where he started his researches 
in electricity. At the ago of 
twenty-two be discovered the 
law for electric heating. His at¬ 
tention then turned to engines. 

He noticed that in all engines 
the mechanical work is obtained 
at the cost of some heat. He in¬ 
vestigated on the relation bet¬ 
ween the two and discovered the 
equivalence between them, known 
now-a-duys as the first law of 
Thermo-dynamics. In his hon¬ 
our the mechanical equivalent of 
heat is expressed by the first 



James Prescott Joule 
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letter J of his name. In 1849 he experimentally determined J by con¬ 
verting work into heat and found it to be a constant irrespective 
of the magnitudes of the work, inventions of some kinds of electric 
metres, speed counters, etc. also stand to his credit. 

170, James Watt il736 — I8J9) :—British inventor 
bom at Greenpok, Scotland. He showed early signs of skill at craft- 
manship and began his life as a mechanic in the University of Glas¬ 
gow at the age of twenty-one, where his skill, versatility and simple 
nature attracted the notice of some of the University Professors of 
whom Prot Black’s name must be mentioned. 


In popular writings it is often found mentioned that the expansive 
force of steam issuing from of a kettle struck Watt’s imagination so 
much that he hit upon a plan for a heat engine from it. Such a story 
seems not to be true for 8avery and Newcomen Engines were in use 
for more than seventy-five years previous to James Wat*. It is rather 
said that a Newcomen engine belonging to the University lying unused 
for long was placed at his workshop for repairs. Watt had an inqui¬ 
sitive mind and an inventive temperament. He noticed that the engine 



was extremely wasteful of fuel. 
He seriously devoted himself to 
its improvement and this ulti¬ 
mately gave the world the mo¬ 
dern steam engine In perfecting 
his design he got the assistance 
of Mathew Boulton, who posses¬ 
sed a first class workshop then 
at Soho near Birmingham. The 
locomotive engines were cons¬ 
tructed afterwards by Trevi¬ 
thick, Stephenson and others. 

He for the first time used 
the term horse-power for rating 
mechanical work. He found 
that a horse could raise 150 lbs. 
of coal through an effective 
height of 220 ft. in one minute 
on the average, t e. 33000 ft.-lbs. 
of work per minute is the ave- 


Jamei Watt power of a horse. This rate 

of work he named one horse- 


Watt, which is the electrioal unit of power and is equiva¬ 
lent to 1/746 H.P., is named after him. 
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Examples.—(1) Anangim 9on$utM$ 4 lbs o} coci per heru-poUftr p^^r hour. 
The heat developed by eombuHion of lib. of ooaX ie oapohU of 14 Ibe, 

of water atl00^€. intoeteam at 100''0,^What peremtage of the heat prodiuved ie 
watted f {Lateui heat of eteamssHi'S S. Th. V. per 2&.] 

Heat of combustioa of 4 lbs. of coal=s4 x 15 X 964*8 B. Th. U. 

s» 4X 15X9(64*8 X778 ft.>lb8. 

The work done by the engine per H. P. hour*«33000X60 ftolbs 

for 1 H, P.=33000 fe.-lbs per minute. The efficiency of the engine 

*4xbx%4*^778”°^^^ **’ 4*3 per cent, of heat 

pioduced 18 converted into work. 100 - 4*3=95 7 percent, heat is wasted. 


(2) What would be the horee-power of a steam engine which consumes 200 Ibe. 
of coal per hour, aeeuming that all the hea> supplied is turned into useful worh 
(1 lb. of coal gives 12400 B. Th. D .; J is equivalent to 770 ft .lbs per B.Th.V.) 


Amount of heat available per hour* (12500 x 200) B. Th. U. 
Equivalent amount of wotk=a 12500 x 200 x 770 ft.-lb$ per hour. 


, j . 12500 x 200 x 770 .^ ,, 

Work dona per minute**--ft.-lbs. 

HorK.power=y5WX^™=909-l <.pptor). 


Questions 

1. Explain what is meant by saying that heat is a form of energy. 

' (Pat. 1926 ; Dac. 1928, *30; C. U. 1941) 

2. Give an outline of the arguments which led to the conclusion that heat 

«s 8 form of energy. (fif. C. U. 1937; All. 1918, *32 1 of Bihar, 1956) 

3. Explain why does a falling body become hotter when it strides the 

ground. (Dac, 1927) 

4. Explain why does a bicycle pump get heated when the tyre is pumped, 

(Dac, 1932) 

5. Describe expetiments to establish the connection between heat and vtitk 
and deduce from them the idea of mechanical equivalent of heat. 

(R. U. 1941; Dae. 1927. *41 j Pat. 1930, *42) 

6. State the First Law of Thermo-dynamics. What expedments wdsdd you 

perform to demonstrate the truth of the Law 7 (Pat. 1932, *42) 

7. A mass weighing 20(X) grammes falls from a height of 309 U all 

the energy is converted into heat, find the amount of heat developed 
<&(Sechanical equivalent of heat3s4'2XlO') (C. U. 1920) 

lAne .: 14 calories] 
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8. What expetiment would you petfotm to establish iicurataly the 
equivalence between work and heat ? (Utkah 1950) 


9. Define mechanical equivalent ofirheat. Describe a method of finding it 
experimentally. (G. U. 1951, *53; Dac. 1927 ; Nagpur. 1954; C. U. ’47, ’49, ’50; 
U.P.B. 1948 ; Pat. 1942. ’44. ’52,; Del. 1942. '51; R. U. 1945, ’49 ; Del. H. S. 1951) 


10. What is meant by the ‘mechanical equivalent of heat’ ? Write down its 

value, and describe a method of determining it. (G. U. 1949) 

11. How long will it take for an electrical heating rod of 420 watts* to heat 

100 cc. of water by lO^C,. if no heat is lost ? (J=4 2 x ergs/calorie) 

(Benares, 1953) 

fAns.: 10 secs.] 

12. Mention clearly the units in which the mechanical equivalent of heat is 

measured. (C. U. 1939. ’41; Pat. 1930) 


13. Calculate the difference in temperature of the water at the top and at the 

bottom of a waterfall where the height is 200 metres, (Bihar, 1956) 

lAfU .: 0'467"C ] ^ 

14. An engine of one horse-power is used in boring a block of iron of 

mass 1000 lbs. Assuming the whole of the work done by the engine is used 
up in heating the mass of iron, calculate approximately the rise in tempe¬ 
rature of the iron after the engine has been working for 20 minutes. (The 
number of units of work rcquittd to raise the temperature of 1 lb. of water 
rF*»772 ft.-lbs. The sp. heat of iron=01; 1 horbe-powei=550 ft.-lbs. 
per sec.) (C. U. 1909) 

[4ni.; 8‘55"F.] 

15. (») Calculate the work done by a gas in expanding against uniform 

pxasBure, 

(b) A ball of iron has its temperature raised through 0 6X. through a fall of 
25 metres. Calculate the value of J. (AIL 1918) 

[Ana. : 4 09 x 10' ergs, per cal.] 

16. How much work is done in supplying heat necessary to convert 40 gzzui. 
of ice at —lO^C into steam at 100®C. ? Sp; heat of ice=0*5. 

[Ana. : 1*2X10^* ergs.] (U. P. B. 1948) 

17. Describe how the mechanical equivalent of heat is determined by the 

frictional cones method. (R. U. 1951) 

18. Calculate the difference in temperatures between the water at the top 

and that at the bottom of a waterfall which is 50 metres high, given J««4*2xl0^ ■ 
ergs/calorie. (G* U. 1953) 

.* 0*12®C.] 

19. Describe Joule's method for determining the mechanical equivalent of 

haat. U-1939) 
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20. A tube 6 ft. long containing a little mercttry, and closed at ^both ends* 
ia rapidly inverted fifty times What is the maaimum rise in te*np«**u*® 

that can be expected 7 (Sp. ht. of mercury; 1 B. Th. U. is eguivalent 

to 778 ft.-lbs.) • • 

[Ana. I 13‘88’F.] 


2L In an experiment to determine J, 800 gms. of lead shot were placed 
in a long cardboard tube held vertically the length of which was such that on 
reversing the tube, the shots fell through 100 cms. The original temperature 
of the shots was 25’’C. and after 50 inversions of the tube the temperature waa 
found to have men to 28'84°C. Find the value ot J in ergs-calone (sp. heat 
of lead=0-031) U. 1950) 

[Ana.; 4*12X10'^ ergs/calorie] 

22 A block of ice is dropped into a well of water, both ice and water 
being at O’C?. From what height must the ice fall in order that one-fifteenth 
of it may be melted 7 

[Ana. ; 2285-7 metres appiox.) 

23. Two balls of equal weight, one of India-rubber, and the other of soft 
clay are dropped on to a hard floor from the same height. Which would develop 
f hf l^reater amount of heat by impact on the floor ? 

[Hints.— Though K.F of both on reaching the floor would be the same, the 
amount of hgat developed by soft clay would be greater as it would remain on 
the floor when the energy would be converted into heat. The rubber ball would 
at once rebound and so a large amount of its K. E would be used up in over¬ 
coming 9 when going up.] 


24. From what height would a piece of ice at—lO'C, have to fall so that 

encffiv to bring it to rest would gi'ncrate enough bear to melt just one- 
tenth pan oi It. Given, sp. heat of ice—0 5, (G. U. 1954, ’55) 

[Ana. : 5571 metres approx.] 

25 Calculate the velocity ot a lead bullet on striking an unyielding 

li the temperature uses 200 C. and the whole ot the heat generated 
Impact ««nmns in the lead. (Sp. ht. of lead is 0 03) ^ 

[Ana.; 22-45X 10*5 cms. per sec.] 

26 Explain why it is that while the value of the latent heat of water is less 

when expressed in terms of the centigrade scale, than when expressed m terms of 
the Fahrenheit scale, just the opposite holds in the case of numerical values of 
the mecbamcal equivalent of heat. (C. U. 1937) 

27 E>e8cnbe a laboratory methoui of determining the mechanical equivalent 

ofhe^t. (R. U. 1946, *48) 

28. If the two specific heats of gases 0^ and C* ate respectively 0*2375 and 
0*1690 calories, calculate the value of the mechanical equivalent of heat. (1 cc. of 
dry air at N.T. P. weighs 0 00129 gm. and the value of atmospheric pressure 
1D13X10* dynes per sq. cm.) 1944) 

[Am.; 4*19 X10^ ergs per calorie.] 

29 Specific heat of argon at constant pressure is 0*125 calorie/gm. and at 
constant volume 0*075 calone/gm. Calculate the density of argon atN.T.P. 
<JaB4*18XlO’* eigs/calorie ; normal pressute^TOl x 10* dynes/cm.*) 

^ (Rajputana. 1949) 

[Ana.; ISXlO'® gm./c,c.] 
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30. Explaia how the diffeiynce ai tp. heate of a gai enafalet you to evaluate 

the mechanical equivalent of heat. (Hajputana, 1949; U. P. B. 1952) 

31. Describe the principle and action of a iteam engine giving a sectional 
diagram. 

(Vis. V. 1954} Del 0.1932; Easf Punjab. 1962; Pat. 1954* aU.1947; 
Dac. 1930, ’41 } U. P. B. 1941, ’50, ’55) 

32. Describe with a neat diagram any form of a modem petrol engine. How 
does it act ? (U. P. E 1954 ; East Punjab. 1953 ; C. U. 1948, '53; G. U. 1930, ’52) 

33. What is the essential difference between a ateam engine and an oil 

engine ? . (R* U. 1955 ; cf. East Punjab. 1950; C. U. 1948) 

34. A petrol engine uses every hour 1 lb. of petrol, which ptoducjs 22000 
E Th. U. ot beat, and has an efficiency of 30 per cent. What is ics H. P. ? 

(G. U. 1950) 

(I H. P.=s 33000 ft.-lba pet min. and 1B Th, U.=778 ft..lbs.} 

{Ant.: 2‘593H.P.] 

35. Write a note on ‘Petrol Engines’. (c/. Dac. 1942; U, P. B. 1947) 

36. Describe the essential parts of any heat engine, and d^saibe its working 

during a complete cycle. (C. U. 1951) 

37. A gas engine having and over-all efficiency of 20% burns 1300 cu. ft. of 

gaa per hour. If the calorific value of the fuel is 800 B. Th. U./cu. ft., find the 
H. P. of the engine. e 

[^ns.; 94] i 

38. A motor car uses petrol whose calorific value is 11X10* B. Th. U. per 
gallon. The car covers on average 20 miles to the gallon running at 24 Ttnia.ff 
per hour during which the average output is 10 H.P. Find the overall efficiency 
of this car. 

£An».; 19-3%] 



PART III 

V SOUND • 

CHAPTER I 

PRODUCTION AND TRANSMISSION OF SOUND 

1. Definition of Sound :— Sound is a kind of sensation 
received by means of the ears and carried to the brain which is 
responsible for the perception. The external cause which produces 
such sensation is a form of energy. 

Aco^itics is that branch of Physics which deals with the study 
of the nature and propagation of sound 

1 (<x). Sound is produced by the vibralory motion of a 
material body :— 

e Whenever any sound is produced, on 
tracing its origin it will be found that it is 
/■ due to the vibratory movement of a mate¬ 
rial body. The fibrations may in some 
cases bo too rapid to be seen by our naked 
eyes but we can feel their existence by 
touching the source. When air is blown 
through a whistle,li nail is struck by a ham¬ 
mer, or ammunition exjdodos in a gun, we 
have instances where sounds are produced 
by matter in motion. 

Expt .—When we strike a metal vessel 
with a piece of matter we hear a sound, and 
the indistinctness of the outline of the 
vessel shows that it is vibrating. By touch- 
^ ing the body the vibrations are stopped, 
and sound also is stopped at the same time. 

Pour wAtcr in a wide-mouthed thin-walled glass-tumbler until it is 
almost full and keep a pith-ball suspended by a fine thread in touch 
with the rim of the vessel (Fig. 1). On bowing the edge of 
the tumbler with a violin bow, ripples will be produced in the 
water, and the pith-ball will be observed to jump forward by 
receiving a series of shocks from the rim on coming in con¬ 
tact with it, proving that the vessel is in a state of vibration. 

1 (6). A Tuning-Fork —It is a f7-shapcd steel bar 
provided with a handle at the bend of the U (Fig. 2) and is 
made to vibrate by striking one of its prongs on the knee or 
on a hard cushion. Its special quality is that it produces a 
sound of single frequency. 

If a sounding tuning-fork is brought into contact with a 
pith-ball suspended by a threap the pith-ball will be thrown into 
vibration. 

On examining the string of a sounding violin it will be found to 
have a bhirred outline due to its to-and fro vibratory motion, which 
can bo detected by placing a F-shaped paper rider on the string. 

33 




Fig. 2- 
Tuning' 
fork. 
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Thus a body must be made to vibrate in order to'emit a sound, butr^ 
even when it is vibrating, the sound cannot be received or heard unless 
the mechanism of the car also vibrates. We receive sound by the 
vibrations of a membrane in tht ear, called the eardrum, and these 
vibrations are transmitted to the brain and interpreted as sound. 

It should, however, be noted that the rat(‘ of vibration must lie 
within a limitt*d range in order to produce an audible sound. If the 
rate falls below about 30 per second, or goes above 30,000*pcr second, 
the sound becotucs inaudible The above limits arc only rough 
values, and may vary from one person to another. 

2. Propagation of Sound (a material medium necese- 
ary) :—In order that sound may br' heard, the disturbance from the 
source must be carried to the ear through a space. This space is 
spoken of as the medium. Air is the usual luf'dium through which ^ 
sound travels, but it can also pass through any othor material medium 
provided it is elastic and continuous. Thus an ob^('rver placing hia 
ear against a continuous iron rail can hear distinctly even slight taps, 
given on the metal, s<‘V(‘ral hundred yards away. The ticking sound 
of a watch placc'd at one end of a table is heard clearly by applying 
the oar to the other end of it. Again a div('r inside^ water distinctly 
hears any sound produced in the water. Sound cannoi, however, 
travel through a vacuum and in this respect, it differs from light 

which can easily pass throu- 
gh a vacuum. Sound requires 
a material medium for its 
propagation. 

That sound requires a 
material medium for its pro¬ 
pagation and cannot travel 
through a vacuum may be 
domonstratf'd by the follow* 
iiig experiment 

Expt .—An electric beD 
(Fig. 3) is placed inside the 
receiV('r of an air-pump and 
Fig. 3 worked by a cell placed out¬ 

side the‘jar. The bell is suspended inside the receiver by means of a 
hook passing through a rubber stopper fitted tightly into the neck. 
The sound of the bell is distinctly heard us long as there is air inside 
the receiver ; if the air is gradu^y pumped out, the sound grows 
fainter and fainter and finally becomes quite inaudible. On re-ad¬ 
mission of air, the loudness of the sound increases again. 

It must also be noted that for the propagation of sound, not only 
the medium must be a material one but also it should be elastic and 
continuous. Inelastic substances are not able to transmit sound to 
a great distance as the energy is dissipated very quickly. Again, non- 
continuous substances, such as saw-dust, felt, etc. are bad conductors- 
of sound. 
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3. Essential Requirements for Propagation of Sound :— 

(t) A vibrating source to emit sound, (w) A medium to transmit 
the sound ; the medium must material^ elastic, and continuous. 
(«i) A receiver capabre of vibration to receive the sound 

4, Propagation of Sound :—^Let us examine the method by 
which sound is actually propagated through air. Suppose a body is 
struck. As a result of this, every particle constituting iiie body begins 
to vibrate—that is, to move to-and-fro to a nearly equal distance 
on both sides of its mean position of rest. During this state of vibra¬ 
tion, bach of the extreme particles of the vabrating body in contact 
with air, at the time of moving to-and fro between its extreme posi¬ 
tions, strikes tlie line of air-particles in contact with it, and starts 
them moving to-aud fro. These air-particles in their turn strike the 
particles beyond them, and set up similar vibrations in them, and this 
goes on from particle to particle. In this way a chain of vibrations 
is set up from ilic sounding body ; each particle on the way begins to 
vibrate when it is struck by its neighbour, and in its turn strikes its 
next neighbour, until the vibrations reach the membrane of the car of 
the listener. The motion of the membrane is(*ommunicatcdtothebrain 
by the mochanibm of the ear and i)crception of the sound is caused. 


(i) 


Mechanism of Propagation. —Suppose a tuning-fork is vibra¬ 
ting in air. Let b be the position of one prong of it’whcn at rest, and c 
and a, the two ox- u 
treme positions of 
it on either side of 
b (Fig. 4) when it 
is vibrating. 

The time taken 
by the prong to 
move frbrn one ex¬ 
treme position to 
the other and back 
again to the first 
position, i.e. from 
a toe and bock, is 
called the period 
of vibration. 

Let us imagine 
that the air in 
front of the fork 
divided 


i^Compression-^i 
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- —„ Fig. 4—Propagation of Sound-waves. 

layers of equal thickness. Fig, 4 (t) depicts the layers in front of the 
undisturbed position 6 of the right hand prong of the fork. 

Now, as the prong moves from a towards e, it presses the 
air-particles in front of i^ which in turn press the particles next to 
them, and ihis pressure is passed on to the successive layers of the 
medium. So, considering the effect of the movement of the prong upon 
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a column of air on the right-hand side, it will be seen that, by the 
tide the prong reaches c, the air-particles between A and some point 
C' [Fig. 4 (m)] will be compressed, and a puke of compression will 
move forward (with the velocity* of sound).* During the return 
movement when the prong moves back from c to a, it tends to 
leave a partial vacuum behind it, duo to which the layer in contact, 
being relieved of pressure, expands on the side of tl e prong and the 
pressure is consequently diminished. Each succeeding layer acts in 
the same way and-a rarefaction pulse is handed on from layer to 
layer, travelling in the forward direction and with the same 
vdocity as that of the compression j)uke. This goes on upto the time 
the prong takes to reach a. During the time taken by the prong to 
travel from e to the compressed pulse also travelled onwards, and 
occupied a region ^'r"fFig. 4 ( 21 ;)] equal to AC' in |Fig. 4(n), which is 
now occupied by the rarefif'd pulse as given by A A' |Fig. 4 (m 4]- So in 
a complete period of vibration of the prong, the disturbance travels 
up to (T, one-half of which {A'C"j is occupied by a compressed puhe^ 
and the other half {AA‘) by a rarefied pulse. A compressed pulse foU 
lowed by a rarefied pulse together forms a complete sound-wave. 

The amount of compression or rarefaction is not, hojvever, equal at 
all points in the complete wave. The reason is that the energy commu¬ 
nicated by the prong to the air at any instant depends on the velocity 
of the prong which varies from instant to instant in course of period 
of vibration. Q'he velocity of the prong being maximum at the mean 
position and zero at the extreme positions, the compression or the 
rarefaction is also maximum in the middle and zero at the ends of a 
zone of compression or rarefaction, as shown in (??) jind {ni) of Fig. 4. 

Tf the displacements of the particles lying along the lino of propa¬ 
gation at any given instant of time be plotted in the ordinate against 
their distances as abscissa, the graph assumes tlie form of a wave. 
The wave-length is the distance covered by one compression ptdse and 
a rarefaction pulse together^ i.e. the distance through which the dis¬ 
turbance trawls in one period of vibration of the source. 

It is, however, to be noted that each particle in the medium of pro¬ 
pagation during a periodic time of ite vibration passes through all the 
phases of displa'^ement as depicted in one wave-length in a sound¬ 
wave ; while if the particles are considered at the same instant of 
time, they only successively differ in phase from one to the next. 

When we say that ‘sound travels ih the form of waves*, it is thus 
not that the sound travels in a wavy path but that if the displacement 
of any particle in the medium is plotted for a periodic time, or the 
displacements of the various particles in the path of propagation 
oonsidered at the same instant of time are plotted against tiieir distan¬ 
ce the curve obtained assumes a wavy form. 

When a body is sounded in a homogeneous medium, alternate 
nukes of compression and rarefaction start out in succession in all 
dkpctioiiB travelling with the same velocity. These pulses are like 
so lAiauiy spherical ^ells of eqital thickness spreading out with an 
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expanding radius with the passing of time (Fig. 5). They arc analo¬ 
gous to the circular waves caused around a stone tlirown 
into a calm sheet pf water. ,Here a series of circular y^aves 
having alternate depres¬ 
sions and elevations are 
generated. They appear 
and disappear in succession 
during a periodic time. The 
depressions are called the 
troughs and the elevations 
the crests. They also spread 
out with an expanding 
radius till they reach the 
shore. The trough and the Fig. 5—Sound-wave* caused by a vibrating Belt 
crest respectively correspond to the maximum rarefaction and maxi¬ 
mum compression state of a medium when a sound travels through it. 

The difference between the two cases is that^a particle on a sheet 
of water is displaced up and down at right angles to fiath of 
propagation of the disturbance which trav(*ls along the surface to¬ 
wards the short?, whereas a particle in the medium of propagation of 
sound is displaced to-aud-fro along the same path in which the sound 
travels. That is, water-waves are transverse, whereas sound-waves 
are longitudinal {vide Art. 6). 

5. Representation of a Sound-wave :—Lei a series of dots 
fFig. 6, (a)J represent a row of undisturbed particles of air. When a 

somid-wave passes along 
this row, the particles in 
certain portions of the 
row will, * 1 + a given ins¬ 
tant, come closer (t.e. 
compressed), and in cer¬ 
tain other portions be 
drawn apart {t.e. rarefied) 
as represented in Fig.6,(6). 

Questions 
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Fig. 6 


1. Describe experiments which <>iove that sound is due to vibrations. 

(Pat. 1921, '32, W 

2. Explain why a nsedlum is necessary for the propagation of sound and 

describe an experitaent to prove the statement. (C. U. 1934, ’53.) 

3. Describe an experiment showing that sound cannot pass through empty 

space. (C. U. 1952.) 

4. Describe an experiment showing that air or some other medium is 
necessary for transmission of sound. What practical difficulty arises in such 
an expeihnent 7 

A metal pointer attached to the prong of a tuning-fork of frequency 25o 
makes a wave-trace consisting of 96 complete waves round exactly half the 
circumference of a smoked rotating cylinder. Find the speed of rotation of 
the evlinder in revs, per min. (Bihar. 1954) 

[Ana.: 80 rev*, per min.] 

5. Explain, as far as you can. the mode of propagation of sound through 

air. (Utkal. 1948; C. U. 19 24, *26 1 c/. Pat. 1931, »39, *46, ’53 ; Dac. 1928) 
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WAVE-MOTION : SIMPL^ HARMQNIC MOTION 

6, Wave-motion Every one is familiar with th(' circular 
waves wliioh arc produced when a stone is thrown into still water. 
The waves consisting: of a series of crests and travel outwards 

from the centre of disturbance in gradually widening circles. But if 
some pieces of eolk, or bits of paper, floating on th<‘ water, are care¬ 
fully watched, it will be found that tlie floating objects, and therefore, 
the particles of water, arc only moving up and down, but they do not 
travel outwards with the waves It should be noted also that they 
rise and fall, not togetln‘r but in succession, one after the other, show¬ 
ing that when the waves pass over water each separat(‘ particle of the 
medium must perform the same movcmient, not simultaneously, but 
each one a little later than the on(‘ preceding it It is ^he wave-form 
which travels forward, while every particle of the w’ater moves up 
and down about its own mean position of rest. Similarly, when a wave 
crosses a cornfield the tips ol the corn*blades are not carried away 
forward; the form of the wave only moves forward. .The vibratory 
motion of a series of particles in a medium as red'erred to above gives 
rise to a wave-motion, 

(а) Transverse and Longitudinal Waves, — 

In the ease of water-waves, the motion of the water par ticles is at 
right angles to the direction of propagation of the waves. Such a 
wave is called a transverse wave. 

When a wave-motion passes through a medium in such a way that 
the vibratory motion of the particles of the transmitting medium is 
along the same line as the lino of propagation of the sound, it is called 
a longitudinal wave-motion. 

Sound-waves in air or in any other medium, which comprise 
pulses of compression and rarefaction, are longitudinal while radiant 
waves in ether, such as heat-waves and light-waves, arc transverse. 
The electric waves used in wireless telegraphy and telephony are also 
instances of transverse wave-motion. , 

N. B.~It should be noted that gates can transmit only longituUnal types of 
wave-motion, because there being very little cohesion between the molecules 
of a gas. tianvetse waves cannot be formed at all in gases, but solids and 
liquids can transmit both longitudinal and transverse waves. 

(б) Progressive Waves .— 

The longitudinal sound-waves in air or in any other medium as 
well as the transverse waves like the watcr-wavo.s, or heat (or light) 
-waves arc characterif«ed by the fact that a particular state of motion 
in each ease in handed on from one part of the niodium to the other 
with the ])absing of time and the wave-form travels outwards with a 
definite velocity That is why tlie general name for these waves is 
progressive waves. 
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(c) Representation of transverse and longitudinal 

Wca}e-motion. —In Fig. 7, (a) AB represents a row of 

particles transmitting a transverse 

wave. As the wave p'asscs, each * A B i 

individual particle of the medium 

will move up and down one after . . _ 

another at right angles to the line ^ ® 

AB (as shown by the double-headed 
arrows) along which the wave is 

propagS-tcd. Fig. 7—Illustration of Transverse 

When a longitudinal wave passes Longitudinal Wave-motion, 

along such a row of iiarticles, each particle will vibrate to-and-fro 
^ about a mean position along the lino of propagation Cl) [Fig. 7, (b)j, 
and such motion of the particles will take place one after another in 
succession. The dot represents the mean position and the two arrows 
on either side th(i to-aud-fro motion. 

id) Demonstration of wave-motions .— 


(b) 

Fig. 7—Illustration of Transverse 
and Longitudinal Wave-motion. 


(i) Longitudinal Waves. —The propagation of longitudinal 
waves can be conveniently illustrated by a spiral spring suspended 
horizontally by tnreads from two parallel bai's AB and A'lf, as shown 
in Fig. 8. On slightly iuishiug the end A of tlm spring suddenly forward, 
the nearest turns arc compressed and the coiniirossion is seen to move 

foi-ward along the coil with a 
certain velocity towards the 
other end, each turn moving 
forward a lititle when the 
compression reaches it. This 
represents the state of the 
layer of air-pai.icles when 
a wave of compression travels 
through it. Again, if the end 
A bo suddenly pulled outwards, 
the end turns will be separated 
from each other and this state of rarefaction as wc call it, will be seen 
to be travelling along the coil to the further end, each turn of the spiral 
moving backward a little wbfjn the (extension reaches it. This 
represents the state of rarefaction travelling through air. 

Thus, if one end of tlie coil bo alternately pushed forward and 
pulled outwards in a pisriodic manner, longitudinal wave motion of 
compression and rarefaction will be seen to travel along the spiral with 
a constant velocity. Each turn of the spring executes a to-and-fro 
movement in the line of propagation of the pulse, but it is not bodily 
transferred from one position to another. In the same way, at the time 
of propagation of sound through air, the particles of the air only move 
about their mean positions of rest, and are not bodily transferred 
from one place to another. It is the wave-form, or a succession of 
compressed and rarefied pulses, that travels forward. For this 
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reason a blast of air is never felt to spread outwards even in the case 
of the loud report of a cannon. 

(f«) Tran^tierse Waves, —i^ig. 9 illustrates a popular model for 
demonstrating; transverse waves. A number of straight and parallel 



Fig 9—Demonstration of Transverse Waves. 

• 

rods, each of which cairies a bmall ball at the top, arc placed at equal 
spaces apart in the same vertical plane in a stand. Each rod rests 
on an eccentric wheel and passes through a hole provided for it in a 
cross-piece held horizontally by the stend. All the eccentric Wheels 
have a common spindle which can bo rotated by a handle. When the 
handle is turned continuously, each ball undergoes a periodic up-and- 
down motion while a wave-form travels from one ball to the next 
onwards from one side of the frame to the other as shown in the 
figure. The motion of each ball being transverse to the lino of propa¬ 
gation of the wave-form, the waves produced are known as transverse 
waves. 

7. Graphical Representation of a Sound-wave :—In a 

transverse wave, the movements of the particle and the line of motion 
of the wave are mutually at right angles to each other and they can be 
represented in the ordinate and abscissa respectively. But in a longi¬ 
tudinal wave, as in the case of sound, the displacements of the parti¬ 
cles take place along the path of propagation of the wave and so a 
similar representation, as in the case of a transverse wave, showing the 
acimt po&iUom of displacements along the line of propagation, will 
result in tracing out a straight line along the line of propagation. 

But if the displacements of the particles are shown in the ordinate 
against their meat? potiUom in the line of propagation represented as 
abscissa, for the same instant of time, a very valuable graph is 
obtained, which is known as the displacement curve for the longitudinal 
Wave. For each particle, at its mean position of vibration, a perpen- 
S&biax is to be drawn to the line of propagation proportion^ to ^ 
diapliM^etnent at the same instant of time. The perpendicular is to ba 
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drawn above the line of propagation if the particle moves to the nghi 
at the instant considered and helow the line if it moves to the left at 
that instant The displacement curve traced out in this way reveals 
all the properties, e.g. velocity, awcleration, state of compression or 
rarefaction, etc. of ^e particles in the medium. 

In Fig. 10, {i), a vibrating tuning-fork FCwhich, it should be noted, 
always emits a simple harmonic type of sound-wave) and a horizontal 
column of air in front transmitting the emitted sound are shown,where 
the poJhts Ay C, ifJ indicate layers of maximum compressimi and i?, V 
indicate layers of maximum rarefcmtion considered at the same instant 
of time. 



(i) 


in) 


Fig. 10, (*0 depicts the conditions of all tlie air-particlcs in the 
horizontal column above at some instant ot time when the longitudinal 
wave emitted by the tuning-fork passes onward. froa the left-side 
to the right-side of the Bgure. Thixtia, A'a B'h O c* reijresents the 
displacement curve for the wave, where the line A B C JJ gives the 
line of propagation of the wave. 

T 0 determine the actual position of a particle on ABC,. .,draw 
a normal to it at the undisplaced position of the particle to meet the 
displacement curve A!aHh]{\) if the normal is above AJBu.,,y 
the displacement is towards the* right-hand side and if below, the 
displacement is towards the left-hand side ; (2) the length of the 
normal is proportionjil to the displacement; (3) the slope of the 
placemetU curve at any point gives the velocity of the particle at the 
actual position of the particle coiTCSponding to the point; (4) the 
rate of change of slope represents the acceleration of the particle. 

Note.—It thould be noted that the slope of the di»plaom«nt curv8 
decreases as we pass from A* to and at o it is zero. From 9 it increases 
again till it becomes maximum at B *. But the rate ^ ehai^ af slc^e 
increases from A* to o and becomes maxnnuic at o. Then it decreases from 
a to J3' where le is zero. So the velocity of a particle which is proportional 
to the slope decreases from A' to a' and is zero at o'. Them it increases 
a gfln xnd becosaes maximum at B'. The acceleration, however, which is 
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proportional to tha rate of ehonge of ahp* increases from A* to a' and ia 
rniaimum at o'. Then rt decreases again as we pass on to B* and at B* it 
IS tero. 

The actual position of a patdcl/ whose undisplaced position is, suppose, 
o'is given b; a'', where a'a"s:<t'a and to the left of o', for the normal is below 
the line of propagation A'B'C\.. 

The displacement diagram A'aB'b ..also clearly shows the states of 
compression and rarefaction of the medium of propagation. For the parti- 
cles to the right of A' and 0' are displaced to the left while those to the left 
of them ate displaced to the rignt, as have been shown by the arxpwB, So 
A' and O' are places of mazitnum compression. The particles to the right 
of B' are displaced to the right and those to the left of B' are displaced 
to the left and so B' is a place ot maximum rarefaction. In the immediate 
neighbourhood of a' the particles on both sides of it are equally displaced 
to the left, while in the neighbourhood of 6'the particles on both sides ere ' 
equally displaced to the right. This shows that o', b\ etc. are places of normal 
pressure. 

8. Some Important Terms :— 

Frequency. —^The number of complete vibrations made by a 
vibrating body in one second is called the frequency of the vibration. 
Thus, if n denotes the frequency of vibration, and T’tbo^periodic time 
of a vibrating body, we have, nT=l ; or, n = llT. 

Amplitude .—It is the maximum distance to which <i vibrating 
body moves from its mean jiosition of rest, i.e. its maximum displace¬ 
ment d.uring a vibration. In Fig. 83, Part ], BC or Bl) is the 
amplitude of the oscillating bob of the pendulum. In Fig. 11, FE 
or OR is the amplitude. 

Phase —The phase of a vibrating iiarticle at any instant is the 
state of the particle in regard to its position and direction of motion 
in the path of vibration at that instant Two partirlet moving exnctly 
in the same tray are sa^d to be in the same phase ; that is, particles 
which are at the same distance from their positions of rest and are 
moving in the same direction, arc said to be in the same phase. Thus 
anything by which the direction of motion and displacement of a vib¬ 
rating particle can be specified, will be a measure of its phase at that 
time. 

A water-particle A (Fig ll) at the highest point of the crest of 

a water-wave is in the same 
phase with the particle B at 
the highest point of the next 
crest, and no other particle 
between these two positions 
arc in the same phase 

Phase may be expressed 
Jn three ways—(/) Bg the ft action of the period that elaptes after 

vibrating body passes through some standard position^ say^ the 
mmn position of re$U a given direction. 



Fig 11 
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Thus, in Fig. 83, Part I, the phase of the oscillating bob at C 
in the direction BC is expressed by i T, and at D in the direction 
jRD by when B is its r^^ean positicji of rest. 

{itj By the angle (as $ in Fig. 12) traced out by the generating 
point with reference to either of the co-ordinate otcs {vide Art. 10). 
Thus, the phase of the vibrating particle M is denoted by the angle 
tf (Fig 12) traced out by tlie generating point P rotating along file 
circumference of the circle. Again, it will bo observed that the 
phases 95'* and 450® are the same, while phases 90” and 270’ arc 
oppohite to each other. 

} (m) The difference of phasee of two points on a wave are also 
expressed by their path difference, i.e. by the fraction of a 7vav6-l6ngth. 
In Pig. 11, A and B are in the same phase, the path difFerenee being 
one wave-length and A, Pare in opposite phases, their difference in 
phase being half the w.ive-length. 

Wave-length. —It is the distance through wliich the wave- 
motion travels in the time taken by the vibrating body or any of the 
particles of tlie^meClium of propagation, to make one complete vibra¬ 
tion It can also be defined as the le r<,t distance between two 
particles in the same phase of vibration 

In the case of a transverse ivave the wave-length is the distance 
between one cr^^st (or trough) and the next crest (or trough), as AB 
or CD in Pig. 11. In the case of a longhtudnial imveiiie^g 
length occupied by a pulse of compression together with a pulse of 
rarefaction, as AC7 or BD in Fig. 10. 

Wave-front. —It is defined as the trace drawn thr^^gh all the 
points on a wave which arc exactly in the same condition as regards 
displacement and direction of motion, t.e. in the same jihase. Thus, a 
surface drawn along the crests of a water-wave is a wave-front and 
also a surface drawn along the troughs would be another wave-front 

In a homogeneous medium a wave generated at a point travels 
out in all directions aT’ound the point with the same velocity. At 
any instant of time, the wave-motion lies upon the surface of a 
sphere whose centre is the generating point and radius equal to the 
product of the velocity and time. On this sphere the particles are 
all in the same phase of motion. This equi-phuse surface is the 
wave-front at the time. At a very long distance from the sonree of 
disturbance, the spherical surface, over a limited region, may be 
treated as plane. So the wave-front may be taken as plane, if the 
source of disturbance is at a very long distance. 

Period. —The period of vibration is the time taken by a vibrating 
body to execute one complete vibration. 

9. Velocity of Sound-waves : —is measured by the distance 
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travelled over by a sound-wave in one second. If tbe Greek letter ^ 
(ponounced “lamda") denotes the wave-length of a sound-wave and 
» the frequency of vibration, tten in one second there will be « com¬ 
plete vibrations and for each vibration the wave travels forward 
through a distance K Therefore the total distance travelled in one 
seconds*n^. Hence, if V be the velocity of propagation of the wave, 
we have, 


Otherwise, velocity == 


distance tr avelled . 

time taken * ’ ’ T T 


X=wX(Vwr=l). 


Examples.—(1) A body vibrating vfUh a eon$tant /rogutnoy tenda wavB JO 
ama, l^g through a medium A and IS ema. long through another medeum B, The 
veleoity of the wavea in A ia 00 ema. per aee. Find the velocity of the utavea tn B. ^ 

(0. U. lUl) 

Let V be the velocity of the wave in B Since velocity—frequcncyXwave- 
lengch, we have 90»nXl0, whexe n is the iiequency of vibration. »=9 
per second. Again, for the medium B, V snXlS (n being constant in both the 
cases) as9^15sI35 cms. per sec. 

iZ) If the frequency of a tuning-fork ia iOO and the velocity of aound in air 
ia 320 tm^ea per aeeo^, find how far aound travela wnen the fork exeeutea 
30 vibrationa. “ (C. V. 1913) 

In one second the aound travels 320 metres when the fork executes 400 

vibrations. In the time taken by the fork to execute 30 vibrations, the sound 
aon 

travels ^X30=24 metres, 

400 


10. Simple Harmonic Motion :—If a motion-is repeated at 
regular intervale of time, the motion 1*5 said to be periodic. Thus 
the motion of a particle, continuously moving round a circle, or an - 
ellipse, in a constant time, is said to be periodtc and, in this sense, the 
motion of the earth is periodic. * 

A vibratory or oscillatory motion is a periodic motion that reverses 
in direction. It has a position of rest at which the reversal in direc¬ 
tion takes place. The motion of a pendulum is oscillatory. 

simplest type of vibratory motion is that executed along a 
eiraight line by a particle moving io-and-’fro. If this vibratory linear 
motiort be such that the acceleration of the moving particle is always 
directed towards a fixed point in its path and is always proportional 
to the displacement of the particle from that fixed pointy the motion 
is called a Simple Harmonic Motion (also written S.H.M.). 

To understand the nature of a particle executing simple harmonic 
motion, let us imagine a particle P (Fig. 12) moving round a circle 
with uniform speed. The particle P is called the generating point 
and the circle XYXY round which it moves is known as the circle 
of reference. 

Ist PM be a perpendicular dropped from P on any fixed diameter 



WAVE-MOTION : SIMPLE HARMONIC MOTION 


525 


of the circle. Now as P moves once round the circle in the 
direction of the airow and describes 
a complete revolution, the foot M of the 
perpendicular, PM, moves. to-and-fr(i 
along the diameter XX' from the start¬ 
ing point M upto X, then back to X\ 
and then back to the starting point 
M again. 

This to-and-fro movement of M 
about 0 filong XX' continues as P 
moves round ^e circle with uniform 
speed. It can be proved that the accele¬ 
ration of is always directed to the mean position 0 and is propor¬ 
tional to its displacement measured from 0. The motion of M is thus 
a simple harmonic motion. So, if a point moves with constant 
speed along the circumference of a circle, and if a second point 
moves along a fixed diameter of the circle so as always to be at 
the foot of the perpendicular drawn from the first point on the 
said diameter, then the mofion of the second point is Simple 
• Harmonic. 

[Note.—The use of the term harmon^ arose on account of the fact that 
the study of this Vas first made in connection with the study of musical 
vibrations 

11, Eqaation of a Simple Harmonic Motion :—^Ltct P be a 
point which is travelling in the direction of the arrow round the circum¬ 
ference of a circle {XX P) of radius OP{=^a) with nniform speed, and 
let XOX' and Y >7' bo two diameters of this circle at right angles to 
each other (Fig. 12) Let Tbe the period, i.e. the time for one complete 
revolution of P, and oo its angular velocity, e.e. the angle through which 
The radius OP revolves in 1 second. Then {vide Art. 36, Pa 11). 

• cD7’==27r; or, T=2nlco ••• (i) 

As P moves round the circle, the point M, the foot of the perpen¬ 
dicular drawn from P on XOX', moves in S.II.M., and the frequency 
of vibration of ilf is the same as that of the point P. Hence the 
frequency of M, w=l/r. 

Let the time be counted from the instant when M is passing 
through its mean position 0 in tfie positive direction (i.e. from left 
to right, when it is crossing the lino YOY'). Lf‘t t be the time which 
has elapsed since M was last at 0, f e, the time taken by OP to make 
an angle 0 with OY. The angle 0 is called the phase of the vibrating 
particle M at that instant. 

Then, 0—cof. When have, OAf/OP—cos POJIf«cos(90'‘—e)asiti #. 
» The displacement r of P(i.e. OM)=OP sin «« sin 6 (2) 

• 27r 

sin sin ^ from (1) 

sin 2nnt, where « is the frequency. 



Fig. 12 



526 


INTEKMBDIATE PHYSICS 


f 

N.B. If time is recorded from an instant when the generating' 
point P is on the left of Y {i,e. M is also on the left of 0) to such an 
extent iliat the generating line OP makes an angle "C wi^ OTf then 
«c. That is, a;=a sin (fio*--!). This-«<, which is the phase 
at the commeficement of itmey is called the epoch. The 
sign of the epoch may be positive or negative depending upon the 
position of the particle from which the time is measured. 

The greatest value of sin B is unity ; hence the maximum value of 
ac is 0, which ’ is therefore, the amplitude of vibration. Thus, the 
displacement has a positive maximum value at X when 0 = 90“ and a 
negative maximum value at X' when 0 = 2?O'’. 

The displacement of a body executing a S.U.M. is always given 
by an equation like (2). ^ 

12. Velocity and Acceleration in S.H.M .:— 

Velocity .—^The velocity of M at any instant along XX' is the 
same as the component of the velocity of P parallel to XX' (Fig. 12). 
Let PD be the tangent at P, meeting X'X at D. The linear velocity of 
P at any instant is equal to v and is along the tangent PD. The com¬ 
ponent of ?; parallel to JOl', i.e. in the direction OD^v cos PDO 
= 1 ? sin POP=v sin (90—0)=y cos 0. ^ ••• (3) 

Thus, the velocity of if is zero at JT, where 0 = 90“ (cos 90“=0), 
and also at -X', where 0=270“. The velocity is a maximum at 0, 
where 0=0, and cos 0 = 1 (the maximum value of cos 0), and also 
it is a maximum in the negative direction where 0 = 180'' ; and, after 
a complete swing, when 0 = 360", the velocity is again a maximum in 
the positive direction. Thus, in one complete otiCillatum the velo¬ 
cities of if are xero at the ends of the swing, i.e. at X and X'y and 
maximum when passing through the origin 0. At 0 the velocity of 
M is parallel, and so equal, to that of P. 

Acceleration.-—generating point P moving with constant 
speed round 0 has an acceleration v^la directed towards 0, where a 
is the radius of the circle of reference (Fig. 12). The acceleration of 
M is the component of the acceleration ©f P along OX. Hence the 
direction of the acceleration f oi Mis, towards 0 and is given by, 

/*=^*- cos POM = ~ sin 0 ••• (4) 

a a 


But because v is the linear velocity of P, which describes the dis¬ 
tance 2na in time P, we have 2na^vT. 

Or from (1), ® 5 or, t?® = &>*a®’. 

From (4), acceleration f of Af=co®asin y. displacement"•[f>) 


Hence, 


acceleration of 3f. 


displacement of M 


iCO> 


.4w® 


=a constant 


Thus, uhm a particle is describing a the ratio of the ae~ 

eehtation to the displacement is constant ; that is, when a parHcle {M ) 
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’^e^eecutes a its acceleration is proportional to Us displacement 

{OM\ and is directed towards a fixed point (0) in the line of 
vibration. 

The acceleration of M dependa tipon the bine of an angle just as 
displacement does, and so the maximum and minimum values of 
acceleration occur exactly at times as those of displacement. 

13. Characteristics of Progressive Wave-motion ;— 

Regarding the characteristics of wave-motion two points are to be 
noted-^t) It is the^ disturbance which travels forward and not any 
particle*of the medium. 

(?i) The movement of each neighbouring particle begins a little 
later than that of its predecessor, or, in ol^er words, there is a 
^definite difference in phase between two neighbouring particles. 

14. Characteristics of S.H.M.: —(/) The motion is periodic, 
(n) It is a vibratory (to-and-fro) motion, (wt) The motion takes 
place in a straight line, {iv) The acceleration of the body executing 
a S.H.M. is proportional to its displacement and is directed towards a 
fixed point in the line of vibration. 

15. The^ Dispt^ement Curve of a S.H.M .:—The displace¬ 
ment X of *a particle 
executing a simple har¬ 
monic motion is given by 
the equation x=^a sin wt. 

If we plot a curve to 4 
show the relation bet¬ 
ween X and t, the curve 
will bo a sine-curve. 

Fig. 13 represents the 
displacement curve of a 
point M starting from 0 and moving with S H. M. along YOY* duo to 
the point P moving from JC with uniform speed along die circumfer¬ 
ence of the circle having 0 as centre in the direction JIT as shown 
by the arrow. Divide the circumference into any number of equal 
parts, say, eight, and draw straight lines through the points of divi¬ 
sions P, T, P\ etc. parallel to XCLX'. li A B represents the period P, 
divide it into 8 equal parts. The time (7/8) taken by P to move 
through each part of the circumference will then be represented by 
each division of AB. Draw ordinates at the point 1, 2, 3, etc. that 
are equal to the displacements OM, OF, etc. In plotting tiie distan¬ 
ces, the points below 0 should be taken as of opposite sign to those 
above 0. Now, joining the tops of these ordinate lines, the displace¬ 
ment curve is obtained which is identical with the well-known 
sine-curve. 

N.B.— ^Each particle in the medium transmitting a longitudinal 
sound-wave executes a 8.H.M. with time. So the time^isplacement 
curve for each particle in the medium will also be a sine-curve. The 
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•displacement, however, is an the line o£ propagation of the sound. The 
motion of the succeeding particles lying on the line of propagation 
reckoned at the same instant of time will differ in phase from particle to 
particle. If the displacements of the particle^ at the same instant are 
plotted in the ordinate against their distances as abscissa (though they 
are in tim same straight line), the graph will also be a sine-curve. 

16. jB*amp/e« The to-and-fro movement of one 

prong of a vibrating tuning-fork, the movement of a point in a stret¬ 
ched string when the string is plucked sideways, and also the motion 
of the bob of a simple pendulum oscillating wi^ a small amplitude, 
are some familiar examples of Simple Harmonic Motion 

17. Importance of Simple Harmonic Motion .•—The 

Simple Harmonic Motion is of great importance in the study of sound, 
as a vibration of this type only gives the sensation of a pure tone. 
Any other kind of vibration gives rise to a compound note which is 
composed of two or more simple tones. The importance of a tuning- 
fork in sound is in its unique property of giving a pure tone when 
sounded. All other known sources of sound give out, when sounded, 
complex notes which contain a number of tones. So when a sound 
of single frequency is required, a suitable tuning-fork is used. 

18. Sound is a H'anc-mofion Sound is produced by the 
vihration of a sounding body, and tlie assumption that it is conveyed 
to the ear by moans of waves is based on the consideration that 
the characteristics of wave propagation do also apply to the case of 
transmission of sound. 

(1) A wave takes time to travel from one place to another. 

Sound alse takes time to travel from one place to another, i.e. it 

has a definite velocity. 

(2) A wave requires a medium to pass through. Sound also 
rei^uires an elastic medium to pass through. 

The medium as a whole does not move but only allows the sonnd 
to pass through it. 

(3) Waves arc reflected or refracted obeying definite laws. 

Sound is also reflected or refracted according to the same laws. 

(4) Two sets of waves meeting each other at the same place of a 
medium at the same time may destroy the effect of each other under 
certain conditions. This is tiie phenomenon of interference. 

Sound also shows interference, as in the phenomena of beats {vide 
Art. 45), stationary vibrations (rtde Art 50), etc. 

(5) Sound can bend round an obstacle. Moreover, sounds of 
different acuteness or pitch {vide Art. 54) show this effect by different 
amounts. The phenomenon is known as diffraction. Diffraction is 
j^ible owing to the wave character of sound. Since sounds of 
•aifferent acuteness have different wave-lengths, the amount of diffrao- 
.tion caused by them shouM be different 
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(6) A wave of condensation started from a source has actua% 
been -photographically detected by R. W. Wood. The reality of 
secondary wavelets, first* conceived 4)y Hnygens in his wave-theory, 
has been thus proved. 

(7) The phenomenon of polarisation is shown by transverse 

waves only. Light-waves being transverse show the phenomenon of 
polarisation bat the fact that sound-waves fail to show the pheno¬ 
menon of polarisation prove that the vibration in this case is 
longitudinal and not transverse, ) 

19. Expresaion for Progresaive Wave-Motion :—Assuming 
the motion of any particle in the case of a progressive wave to be 
l^ple harmonic, the displacement of the particle at any instant is 
given by, 

x=^a sin {wt—<) 


• /Stt -• ^ . /27r . \ . (27Tv.t ^ \ 

t — oL j=a sm sin^ ^ J 

where iJ=velooity of the wave, A.=wave-lcngth, jr= time-period, <== 
epoch, a~amplita(j^e, and angular velocity. The wave lags a phase- 

angle < behind •the origin, t.e. a distance (r) given by, r = ^ <, since a 

distance A. corresponds to a phase-anghj 2n^ where r=distance of the 

particle from the origin ; that is, = . 


/27rr/ 27rr\ 
=a {vt-'r). 


Questions 

1. Explain, with tlio aid of a diagram, what yon understand by ‘wave- 

motion’and mention its characteristics. How do sound waves ditierfrom 
light wave. V (G. U. 1957 . O. U. 1953) 

2. Distinguish between longitudinal and transverse waves. 

(Del. H. S. 1951. *53; Pat. 1941, ’47 ; And. U. 1950, ’51; Vis. U. 1955; 

C. U. 1956) 

3. Establish the relation for a wave-motion. 

(And. U. 1951; Pat. 1948, ’W, ’61) 

4. Define ’amplitade', ‘frequency’ and ‘wave-length’. What is the 
relation between velocity and wave-length ? 

Compare the wave-lengths in air of the sounds given by two tuning 
forks of frequencies 128 and 384 respectively. (0, tl. 1960) 

[Ant .: 3 : 1] 

5. State what is meant by transverse and longitudinal waves. 

Define wave-length, frequency and amplitude of a wave. What is the 
relation between wave-length, frequency and velocity of propagation ? 

If the frequency of a tuning fork i. 560, find how far the sound will 
travel at the instant when the fork just completes 100 vibrations. Velocity 
of sound is 1120 ft./sec. (C. U. 1956) 

[Ant. 200 ftj 

84 
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6 . When are two paztidee said to have the same phase ? 

(C.U. 1910; Pat. 1918)^ 

7. Describe and explain the terms—‘frequen(Sy’, ’amplitude’ and ‘wave¬ 
length* as applied to sound waves in air. What are the differences in 
sensation perceived which correspond to differences in these quantities ? 

^ (All. 1923) 

8 . Describe the motion of a sounding body, How would you demon¬ 
strate the nature of this experimentally ? 

[Hints.—For £he first part, ms Art. 4. For the second part, see Ch. VI* 
The nature of the motion of the vibration of the body will be represented by 
the wave-line on the smoked paper.] 


9. A given tuning fork produces sound waves of wave-length 30 inches. 
If the velocity of the wave is 1100 ft./sec., what is the frequency of the fork ? 

(Gu). U. 1951> 

[An$.: 440 per sec.] 

10. Sound travels in air with a velocity of 330 raetres/aec. at 0“C. What 
are the wave-lengths of notes of frequencies 20,000 and 20' per second ? 

(Benares, 1950) 

[Ana.: I’SS cm.; lb50 cm.] 

11. A tuning fork vibrating in air sends waves of length 100*6 cms. 

The same tuning fork sends waves of length 382*4 cms, in hydrogen. If 
the velocity of sound waves in air be 332 metres/sec., calculate the velocity 
of sound in hydrogen. (Vis. U. 196B). 

[4fM .: 1261*0 mebres/sec,] 

12 . Define the angular velocity of a body moving uniformly in a circle. 

Find its periodic time. Show that the foot of the perpendicular drawn 
from the body to a fixed diameter of the circle describes Simple Harmonic 
Motion and hence define such a motion. (C. U. 1933) 


13. Define Simple Harmonic Motion, and explain it with reference to 

any familiar example. (C. U. 1921, ’36 ; Pat. 1941) 

14. Explain Simple Harmonic Motion and state its characteristics. 

Show that the motion of a simple pendulum is simple harmonic. What 
part does S. H, M. play in sound 7 (U. P. B. 1943 i Nagpur, 1952) 

15. What are the principal characteristics of a simple harmonic vibra¬ 
tion as illustrated by the motion of a pendulum ? In what respects is the 
motion of a pendulum similar to the vibration of a tuning fork 7 

16. Describe experiments to demonstrate that sound consists of a wave- 
motion in air. What is the nature of the wave constituting a sound 7 

(Pat.l927>t 

17. What reasons are there for believing that sound is conveyed by 
wave-motion 7 

(Bajputana, 1951 j C. U. 1929, ’53 j Dac. 1932, ’40; Utkal, 1951). 

18. What are the evidences in support of the view that sound ia. 

urouagated by means of wave-motion, and that some matter ia essential, 
for Its propagation 7 ftr k (Pat. 1938, *40; G. U. 1949, *57 ; C. U. 1953) 

**^How do sound waves differ from light-waves 7 (G. U. 1949 j C. U. 195S> 

19. What are the main characteristics of wave-motion ? Point out the 

diiei resemblances and differences between waves of sound and waves 
of light. (tif- C. U. 1953)> 

20. What is the importance of 8. H. M. in sound 7 Deduce an expreisiom 
lor thf Motion of a particle under S. B. M. 
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VELOCITY OF SOUND 

20, Velocity of Soand in Air : —Namerous examples caa be 
cited to show that sound takes an appreciable time to travel from one 
place to*anothcr. Thus, though lightning and thunder are produced 
t(^etlier, the flash of the lightning is seen much before the report of 
the tliunder is heard. When a gun is tired at some distance, the flash 
is seen before the sound is heard ; the puiF of steam issuing from the 

^whistle of a distant locomotive engine is seen before the sound 
is heard ; so also the striking of a cricket ball with the bat is 
seen before the hearing of the sound. In each of these cases the time- 
intervel between seeing and hearing is due to the difference between 
the times taken by light and sound to travel from the source to 
oba erver. As light-waves travel almost instantaneously (186,000 mUes 
per sec.) the time taken by light can be neglected in the determii^tion 
of the velocity of sound. The velocity of sound in air at 0 C. is 
generally accepted as 332 metres per sec. 

21. Experimental Determination of the Velocity of 
Sound in Air :— 

(a) Open-air Method. —Some members of the Paris Academy 
first determined the velocity of sound in open air in 1738. Their 
findings show that the velocity of sound (/) does not depend upon any 
changes of the atmospheric pressure ; (m) increases with temperature 
and humidity ; {m) increases in the direction of the wind and 
decreases against it. According to the Dutch physiciste Moll, Van 
Beck, and others, the velocity of sound at 0 C. is 332'26 metres per 
sec. Bravais and Martins determined the velocity of sound along 
a slope, the difference of altitude between Faulhorn, the upper station 
and the Lake of Briez, the lower station, being 2079 metres while 
their distance was 9560 metres. They found velocity corrected to 
0‘’C. to be 332*37 metres per sec, .Daring the Arctic expeditions of 
Parry and Oreely, the experiments were done at very low tempera¬ 
tures and almost the same result was found. 

Arago did the following experiment in 1829 t Two ^servCTS were 
stationed on the tops of two hills several miles apart. One of them 
was provided with a gun while the other had an accurate^ stop-wafeifli. 
The first man fired his gun, the second man started his watch on 
seeing the flash and kept a continuous record of the time until the 
sound of the firing was heard. A large number of observations under 
similar atmospheric conditions were taken and the mean value [t secs.) 
of the recorded ti^ea was taken. If ® ft. is the distance between the 
two stations, the velocity of sound (v) is given by, 

ft. per sec. 
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Such, determinations are liable to two principal errors, vtt, (1) the 
error due to the wind velocity^ and (2) the personal equation of the 
observer. « * 

The first error is that the velocity of sound is affected, though 
slightly, by the velocity of the wind, it being greater in the direction 
of the wind and less against it. It is corrected by the method of 
reciprocal observations in which both the observers are provided with 
a gun as well as a stop-watch. When one fires, the other records 
time and vice-versa. Suppose ti and rg are the mean values »of the 
time recorded by the first and second observer respectively. If 
the wind is blowing in the direction of the second station from the 
first at the rate of e it/sec.j 

v+e^xftiy and v — e—xltz ; 

Thus the effect of the wind is eliminated. 

The second error is that every man is apt to delay some fraction of 
a second to start the watch after he actually sees the flash of the firing, 
and this delay-period varies from person to person and is a personal 
factor of the person making the experiment. This error can be 
avoided by making electrical arrangements for the recording of the 
exact moment of the gun-fire at one station and the report of the 
second at the other. 

Eegnault used both of these precautionary measures in the deter¬ 
mination of the velocity of sound in open aii in 1864 at Versailles. 
He found the velocity greater in the case of sounds having great loud¬ 
ness. such as explosions of bombshell, etc. Sound-ranging methods 
{vide Art. 30) used during the Great Wai* of 1914-18 for the location 
of enemy guns, etc. give the most recent and modem means,of deter¬ 
mining ^0 velocity of sound in open air. 

(6) Laboratory Method .— 

By resonance of an air column {vide Chapter VIII). 

21, (A). Velocity of propagation of Sound through Rare 
Gases :— 

KunfWs Tube Method {vide Chapter VIII). 

22. Newton*s Formula for the Velocity of Sound: _Sir 

Isaac Newton was the first to formulate a law that the velocity of 
transmisson of a compression or rarefaction wave in an elastic 
medium is equal to the square root of its bulk-elasticity {vide Art 
216 [it) Part I) divided by the density, that is, 

; i.e. ^ 

tJL^ 

where E is the modulus of bulk-elasticity of the medium, and 2), the 
den^ty of the rmdium. 

Now, the modulus of bulk-elasticity, 

strain 


Velocity-^llMMs!? 
^ Density 
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In the case of gases, stress is the change* in pressure per unit area 
and strain is the corresponding change in volume produced per unit 
volume [vide Art 211, Part. I]. 

Consider a gas of volume V c.c. binder a presssure Pdyncs per unit 
area. Let the pressure be now increased by a very small amount p 
per unit area, and consequently let the volume be decreased by a smiul 
amount v, the temperature remaining constant. 

Then, the isothermal bulk-elasticity, 

■p, 4stress^ increase of_pTCSSure per unit a rea _ 

strain consequent decrease of volume per unit volume 


vjV V 


( 1 ) 


Newton assumed that when sound travels through a the 
change of pressure takes place under isothermal condition, i,e. it takes 
place 80 slowly that there is no change of temperature of the 
medium. So, we have, according to Boyle's law, 

PV~{P+p) [V-r)=PV+pV- vP-pv. 

Since in the case of sound-waves the changes in pressure and 
volume are Very small, p and r are very small, and so the product pv 
is negligible. 

pV=^vP \ OT pVjv—P; E^P ... from (1). 

Thus the isothermal elasticity of a gas is equal to its pressure. 

Hence, by Newton's law, the velocity V of sound in a gas is given by 


23. jCalculation of the Velocity of Sound in Air at 
N.T.P .---Normal pressure is the pressure exerted by^ a column of 
mercury 76 cms. in height at 0°C. at the sea-level at 45*' latitude, 
P=76X13 596 X 980‘6 dynes/cm.®^I'OISX10® dynes/cm*. 

Again density of air at 0°C’.== 0*001293 gms./c.c. 


.'. Velocity of sound at N.T.P. 


^ f P- /76x13*5'96x 980*6 

V i) V - 0*001293 ~ 


metres/secs, (approximately). 

But this value of the velocity of sound at 0°C. is not in agreement 
with tihe value obtained by actual experiment, which is 332 metres per 
second. 


24. Laplacefs Correction (Isothermal and Adiabatic Elas¬ 
ticities) :—^The calculation of the clubticity of a gas, according to 
Newton, involved Boyle's law according to which changes of pressure 
and volume of a given mass of gas take place at a constant temper¬ 
ature. Newton assumed that the changes in the air taking place in 
wave-motion had no effect on the temperature, ».e. the changes were 




m 


iSmBMEDUXB PHTSlOa 


U&ik$rmal. About 20 years later Laplace pointed out in 1817 ibaW 
tiie changes of pressure, when sound-waves travel through a gas, are 
so rapid, and the radiating and conducting powers af a gas are so 
poor, that equalisation of temupraturo is improbable. ^ So Newton s 
assumption that the temperature remains constant is not correct. 
According to him the changes that take place in a gas when sound-waves 
travel timough them are ad>abatic {vide Art 65, Part II), ». 0 . no 
heat enters the gas from outside, or leaves it from inside. That is, 
Laplace held'that the alternate compressions and rarefactions take 
place^ so rapidly that the heat developed in the compressed layer 
remains fully confined to the compressed layer and has no time to be 
dissipat^ into the entire body of the gas, and similarly the cold 
caused in the rarefied layer cannot be compensated for by flow of 
heat into it from other layers. So Boyle^s law does not apply to ♦ 
this case. 


I When sound travels in air, or in any other gfiS, the particles of 
the gas are suddenly compressed at the condensed part of the wave, 
and suddenly separated at tbo rarefied part of the wave. If a gas is 
compressed, or allowed to expand, suddenly, its temperatnre rises or 
falls momentarily, and, with the rise or fall of tenfperature, the gas 
expands or contracts. Now consider the effects of changes oi tem¬ 
perature on the elasticity of a gas. During comt)rcsbion the tempera¬ 
ture of the gas rises owing to which the volume of it tends to increase 
and so a greater increase of pit'.sure is necessary to produce a given 
diminution of volume than what is uc( essary if the temperature of 
the gas remained constant {i.e. Boyle^s law held good) during the 
compression. So the elasUeity in the first case (when temperature 
increases) is greats than that in the second (when temperature is 
constant). Similarly, during rarefaction the temperature of a gas 
falls owing to which the volume of it tends to diminisrh, and so 
a greater diminution of pressure is necessary to produce a given 
increase in volume than what is necessary if the temperature of, 
the remained constant So, here also the elasticity is greater than 
that in the isothermal case. Considering the above, Laplace said that 
the value fen: the elasticity E under adiabatic conditions should be , 
used in the Newton's formula for the, velocity of sound.] 

It is known that the relation between the pressure P and volume 
F of a certan mass of gas under adiabatic conditions is given by 

PF^ “constant {vide Art. 65, Part II), 

where SP* ht . of Jhe gas at constant pressure 

Cw sp. hi of the gas at constant volume ’ 

The value of 7 for a di-atomic gas like oxygen, nitrogen, or air is 
(for a tri-atomic gas like CO 3 it is i‘33). Now suppose the 
pressure of any particular layer of air is increased adiabaticalLy by a 
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Nmall amOQnt p by which the volume is decreased by a small smount 
V ] then, we have, 

pr^=-[p+p) ( v-v)\ = r’'(p+;.)(i-|.y 

= r’'(P+ri[i-v?+>(2^)(»J+.] 

by the Binomial theorem. 
Blit as (vj V) is very small, higher powers of it are 'Still smaller mud 
can be Aeglectod. So wo have, 

P=(P+p)(l-y^) 
whence p=y^+y^» 

Blit since p and v are each sraall, pv is very small and can be 
neglected. ^ 

So, p—y ; or yP, 


So the adiabatic elasticity ^ —yP, I vide Art. 22). 

V 

This shows that the adiabatic elasticity of a gas is y times the 
isothermal elasticity P. 

Therefore, the formula for the velocity of sound in air with 

I y % p 

Laplace^s correction becomes, -• 

O 

Hence the value of the velocity of sound in air 


D 


metres per sec. 


=2^x ^/i*4.x*= 332*5 metres per sec. 


25. Effect of Preemre, Temperature, and Humidity on 
the Velocity of Sound in a Gas 


(T) Effect of Pressure ^—^If temperature remains constant, a change 
of pressure does not affect the velocity of sound through a gas. I^t 
Pi and p 2 be the pressures of a given mass of gas, t?i and the 
volumes, and Di and i ?2 the corresponding densities. Temperature 
ieing constant, we have, by Boyle^s law, P\Vx —Pgra. 


Pl ««^8 
Pa 
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But volume varies inversely as density, t.e. 


Vi D2 




because v^D^^ViDi^ mass=a constant. 

p T) T* P 

Hence C* = ; or, constant. 

■L'2 J-'l ^2 

[v^ip . p 

Therefore, in the formula V=\l -jj- , the fraction remains 

unchanged. Hence, the velocity of sound in a gas is independent of 
any change of pressure when temperature remains constant 


(II) Effect of Temperature —^With change of temperature, ther^ 
is a change of density and so the velocity of sound should ^be 
different Let Bo and /), be the densities of a gas at 0“^. and fC. 
respectively. Then by Charles^ law, « 

Do — Dt (!+*<<), 

where <= 0006 '. of cubical expansion of the SO‘ 5 = 2 ^g' 

.(1) ■ 


That is ■^‘’ = 1 + ^ —273+^ 
lhatis, ^^- 1 + 273 " 273 * 


Let Vo and Fj be the velocities of sound in the gas at 0 °^. and 
fC. respectively and let the pressure of the gas have the same 
value P. So we have. 




( 2 ) 


• fBo^ /273+i_ [T ,_ 

/■ Vo 'S Bt '^”273^'^ To’ . 

when Tand To are the absolute temperatures corresponding to fC. 
imd 0 “O. respectively. 

Therefore^ the velocity of sound in a gas is directly proportional 
to the square root o f its absolute temperature. So, velocity of sound 
in a gas increases with the rise of temperature. 

We have, from eqn. ( 2 ) above, 

Vt = Fp t^^ = Fo^l+i^neglecting the 

containing t^ and higher powers of t. 

In the case of air, F«=332 metres per second. 

Vt “ 332^1+g^g/^etre8 per second 
=* {332+0'6l0 metres per second. 


terms 
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Hence, for each centigrade degree rise *in iemperaiuret the veto-- 
city of sound in air increases by about O'61 metres or 61 cms. [or 
about 2 ft) per second. 


(HI) Effect of Bumidity. —Tfie density of water-vapour is less 
than the density of dry air at ordinary temperatures in the ratio of 
0’62 : 1. Therefore, the presence of water-vapour in the air lowers 
the density of air and so increases the velocity of sound in it. Hence, 
for a given temperature, the velocity of sound in damp air is greater 
than that in dry air. 

Correction for the Presence of Moisture in the observed 
Value of the Velocity of Sound in Air .— 

If velocity in moist air at pressure F mm. and temperature <‘’(7., 
Vd “velocity in dry air at pressure 7GO mm. and temperature fC., 
density of moist air at pressm’e Pmm and temperature 
density of dry air at pressures 7G0 mm. and temperature fC-t 


then, 




7P 

Dn! 




Dd 


Now, if /=saturation pressure of water-vapour at fC., we have 
I7m=weight of 1 c.e. of moist air at pressure P mm. and temperature 
^'’C.s^wt. of 1 c.o. of dry air at pressure (/■’—/) mm. and temperature 
/‘‘C.+wt of 1 c.c. of moisture at pressure f mm. and temperature fC. 
(Dalton's law). 


Wc know that the mass of 1 c.c. of water-vapour=0’622 x mass of 
1 c.c. of dry air. 

No’v^ because the density of a gas at a constant; temperature 
varies directly as its pressure, we have 

+0-622X 


i) 


( 1 ) 


//'-0-378/-_ 
—p -VI 

1-0-378 


26. The Velocity of Sound in Different Gases j—We know 

that the velocity of sound in air, where JDtt is the density 

Da 

of air and F« the velocity of sound in it. Under similar conditions 
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ol pressure and temperature, the velocity in another di-^atomic gas 
(for which the value of V is the same), say hydrogen, 


[yp 


V^ 


=J-5-. 
^ 1 ). 


So the velocity of sound in a gas is inversely proportional to the 
square root of its density. Thus if r«, Vn be the velocities, and D*, 
Du the densities of oxygen and hydrogen respectively under the same 
conditions of tetfiperature and pressure, 


A =*1 

Vn D, 


16 4 


27, The Velocity of Sound in Water : —The velocity of sound 
in water was determined by CoUadon and Strum in 1825 in the lake 
of Geneva, where a large bell, hung below the surface of water from 
the side of a boat, was struck by a hammer. The sound was recieved 
through a sort of ear-trumpet fixed in the water to another boat, 
which was placed at a distance of 2 miles. There was an arrangement 
in the first boat such that, at the instant the hammer was struck, a 
charge of gunpowder was ignited giving a flash in the air which could 
be seen by the observer in the second boat. The interval between 
the flash and the report was noted and the velocity was calculated in 
the usual way. 

Theoretical Calculation .— 

Velocity of sound in water, Vu>= elasticity^ 

^ density 

density=1 gm. per c.c. and the adiabatic volume elasticity of water 
*=21X10'° dynes per sq. cm. 

f 9‘1 y 10^ 

Vv “ s] ' ' -- j"-— cms. per sec.=1449 metres per sec. 

This agrees fairly well with the experimental result. Note that 
'this is nearly 4 times the velocity of sound in air. 

In calculating the velocity of sound in any other liquid, the 
wolume elasticity (bulk modulus and the densiy of the liquid, which 
will be different from those of water, are to be:considered. 

2B. The Velocity of Sound in Solids :—Sound travels much 
faster in solids than in air. The velocity of sound in cast-iron was 
determined by Biot by striking with a hammer one end of a long 
series of cast-iron pipes of total lengtii 951 metres joined end to end. 
The sound travels through the walls of the pipes and through 
the air inside them with unequal speeds. An observer at the other 
end noted the interval between the sound transmitted by the metal 
and that by the air, The interval between the sounds was 2*5 seconds. 
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Therefore, if F=a velocity of sound in cast-iron, and V\ that in air, 
the time taken by sound to travel 951 metres through cast-iron F, 

and that through air=*~^. ^--^e=2'5. 

Assuming the value of the velocity of sound in air at the parti¬ 
cular temperature, the velocity in cast-iron was determined, but the 
result was not quite accurate. 

"^^^oretical Ccdcnlation, —^Wheii a compression wave is trans- 
mittod*along a solid, its velocity is given by s/ Yj o, "where Y**® 

Young's modulus of elasticity for that material. For annealed steel, 
Yss: 21’4 dynes per sq. cm. and D=7'63 gms./c.c. 

11 

—cms. per sec. = 5291 metres per sec. 

The present sicceptod value of the velocity of sound in iron is 
5130 metres per second. 

{a) The Velocity of Sound in Other Forms of Solith ,— 

The velocity of longitudinal waves in solids, when in the form of a 
.string, can ^ experimentally determined in the laboratory as explained 
in Chapter v II. When the solid is in the form of a rod, the velocity 
is conveniently determined by Kundi'.s method Chapter Vltl) 

which is based on the principle or resouan<‘e. 

From the table of velocities of sound it will be seen that sound 
travels faster in solids and liquids than in air. Tf the car is applied 
to one end of a long wooden or metal board while somebody lightly 
scratches the other end, the sound of the scratching will be clearly 
heard, but it may not be audible when the ear is removed from 
contact wi^ the board, (jC. when sound travels through air. 

Similarly, any sound made under water may be easily heard at a 
considerable distance by means of a submerged hydrophone (Art. 29) 
which is an under-water microphone receiver with a sensitive metal 
diaphragm for recording sound-waveS. But sounds do not readily 
pass from one medium to another when Ihe media differ greatly in 
density. For this reason, when your ears are under water you will 
not be able to hear the shouts of people around you made in air, 

The sounds made by a running horse's hoops will be heard from 
a very long distance if the ear is applied to the ground though they 
may be inaudible when the listener is standing up, and simil^ly the 
car in contact with a railway line will catch the sounds of an approach¬ 
ing train long before they can be heard by others. This principle is 
applied by the water company's inspector in detecting leaks in the 
water mains under the street. This is done by applying a rod to the 
ground above the pipe and pressing the ear to the rod, that is, by 
making a continuous solid connection from the pipe to the ear, the 
sound of water running in the pipe will be readily audible. Similarly, 


^ 7-63 
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the doctor pre«ses his stethoscope on the chest in order to make a" 
solid connection between the chest and the ear so that the sound 
in the lungs and of the heart-beatings may be audible. 

The principle may be applied for preventing sound from passing 
from one room to another of a building by making cavity walls, that 
is, walls with an air space between them. 


29* The Hydrophone :—It is a microphone receiver used for 
the reception of sound under water and for the finding of the direction 
of a sound. It is largely used in echo-depth-sounding, locatior of sub¬ 
merged objects and ice-bergs by methods of echo-soundings, location 

of submarines by the 
method of sound rang- ^ 
ing in sea-water and' 
similar act of sound-re¬ 
ception under water. 
Ordinarily, it is a 
carbon-granule type of 
transmitter adapted for 
use uijder water. It 
consists 0 ^ a heavy an¬ 
nular metallic ring {Ji) 
provided with a central 
thin diaphragm(7->) made 
also of metal. One end 
of a stylus (jS) is fixed to 
14“The Hydrophone, the centre of the dia¬ 




phragm and the other end to a carbon-granule box (T). The diaphragm 
[D) and the back-end jE of the box are separately joined to two wires 
from a cable by which the receiver is dipped into the sea. The ends 
of the wires at the other end of the cable are connected in series to a 
headphon and a battery of cells The back side of the ring jB is 
provided ^with a screen ( B\ called the bafl&e (or the deaf side), since it 
cuts off the reception of sound at that end. The movement of the 
diaphragm, due to the incidence of any vibratory disturbance on it, 
causes a fluctuation of resistance in the carbon-granule box and so of 
the current in the headphone circuit. For correct reception of sound, 
the receiver is rotated in all possible directions until the maximum 
sound is heard in the headphone. The direction of the sound is 
normal to the plane of the diai)hragm at this position. 

30. Sound Ranging :—^In war engagements the position of an 
enemy gun can be located by noting the times taken by the report of 
the gun to reach several sound-detecting stations. 

These stations are usually selected on a common base Une at a 
distance of some miles from the enemy front line, separated, from 
each other by intervals of few hundred yards. Each station is 
provided with a hot-wire microphone y?hich is a sensitive electrical 
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apparatus for detecting sounds. These microphones are electrically 
connected to a central station where the instant of reception of sound 
by each microphone is automatically Recorded. 

Suppose there are three different stations B, and C (Fig. 15). If 
the report of the gun 
reached ^a second later 
than it reaches then 
taking 1100 ft. per sec. 
for the velocity of sound, 
the gun at G, say, must 
be 1100 ft farther from 
B than from A, or 
^(GB-GA)=^1100 ft. If, 
again, the report reaches 
6 ’three-fifths of a second 
later than at A, then 
(G'C-X 1100 = 660 ft. If now circles with radii 1100 ft. 
and G60 ft respectively are drawn with centres B and C, the gun G 
will be at the centre of a circle passing through A and touching 
each of the other circles. This new circle is usually drawn by trial. 



Fig. 15—Location of a Gun. 


31. Determination of Shipy Position :—In foggy weather 
when a ship finds it difficult to get its bearing, it sends out simulta¬ 
neously two signals,—a wireless signal aud another under-water sound 
signal—to tbe stations on the coast, which are suitably equipped for 
their reception and which in turn inform the ship by wireless the 
interval between receiving the two signals. Thus, if the intcrv.oi is 
2 sees, at the station A, then the ship is (2 X 4714)=9,428 ft. from At 
while an interval of 4 secs, at B would indicate that th.j ffiip is at a 
distance 01,(4 X 4714) =18,856 ft. from where the velocity of sound 
in sca-water is 4714 ft./sec. Therefore, the ship^s position will be 
obtained by intersecting arcs drawn on the chart with centres A and 
B and radii 9,428 ft, and 18,856 ft. respectively. 

Examples.— (1) 10 teoonda have elapaed betmen the flaah and the report cf 
a gun. What iaitedietance, the temperature being 15 C.1 (Vdodty of Bound in 
air at 0 Oss 332 metres per second.) 

From formula, F, =sF , 

*(332+0-61 1) =332+0-61Xl5 * 332+9’15=341-l5 metres. 

Hence in 10 seconds the sound would have travelled 341*15Xl0=s3411’5 
metres. The distance required *3411'5 metres. 

(2) A piece of stone is dropped into a well and the splash is heard aftor Jf*ld 
seconds. Osculate tJte depth of lAe toell, assuming the velocity of eound in air to bs 
332 metres per second. (Pcd. 1919) 

If t be the time taken by the stone in falling, the depth of the well, aia.^aft 

2 

Hence the time taken by tbe report to reach the mouth of the well from tbe water 
*;(1'45—0 sec. So the distance travelled by the sound, 

»«velocityXtiine*F(r45-<) s .*• F(T45-0— 
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or, 332(1'45 -'<)*-|x 9’81X** C.'^sssSSl cmi.«9'81metrei). 

or, 332X1-45 - 332l«4-9i*{ or. 4-9S5»+332l-481'4^ : *“1'42 secondi. 

Hence the depth of the well. 9--<332(l'45~r42)*»332 x 0‘03a9'96 mettei. 

(3) Cotottlole lAe vtionty of wund in air at KTO, when the jjreeetif* of the 
atmotphero io 76 cim. 

A eeund ie emitted by a eource at one end of an iron tube 960 metree long and 
two eownde are heard at the other end ot an internal of S'6 eeee. find ike velooity- 
of eouni in iron. 

We know that, F« 

The velocity oi aound in an at OX. and 76 cms. pxeisure, 


V 0 « ^ cma. per sec.=332*5 metres per sec. 

,*. The velocity ot sound at 10*'C'-332'5+0*6lXl0—338*6 metres per sec. 


If F be the velocity of sound in iron expressed in metres pM sec., the 
time taken by the sound to travel 950 metres along the iron tube is 950/F sec. 
The ttpne taken by the sound to travel through the same distance in air at 
10°C. 18 950/338*6 secs, where the velocity of sound in ait at 10''C.=338*6 
metres per sec. 

The velocity of sound in solids is greater than that in air j hence the time 
tsJiea by the sound to travel through the iron of the tube is smaller than the 
time taken to travel through the air inside the tube. 

whence F=3107*92 metres per sec. 

(4) A man eets hie watch by the noon whittle of a factory at a dietanoe of 
1 mile. How many eeconde is hie watch elower than the time-piece of the factory 7 
(Vdoeiiy of eoundst362 metree per tec.) (Pot. i9di) 

The man when setting his watch by the whistle did not take the time taken 
by the sound to travel over a distance of 1 mile into consideration. Hence his 
watch is slower than the factory time«piece by the above time. 

Velocity oi souBd=332 metres per sec.»1088 ft. pec sec. 

lmUe*=52W) ft. Therefore the time taken to travel 1 mile “jQgg *4*85 
seconds. Hence the watch is 4*85 seconds dower. 


Questions 

1 How will jou determine the velocity of sound in air ? Will the 
result be the same when a strong wind is blowing 7 How will yon eliminate 
the e^ct due to wmd 7 Will the result be the same in snmmer and in 
winter 7 Give reasons for your answer. (All. 1931) 

[Hints—As velocity increases with temperature, the value of it will be 
found to be greater in summer than in winter.] 

2. State the law connecting the velocity of sound through a gas with 
its density. Compare the velocities of sound in hydrogen and oxygen 
nnd^v similar conditions. (C. U. 1812) 

lAne.: 4: 1] ^ 

Calculate the velocity of sound in air on a day when the baroi^^^^ 
stands at 75 cms. (the density of air is *00129 gm./c.o.). 

3307 metres per second.] 
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4(a). Give Newton's expression for the velocity ot sound in a eas. 

(All m€} 

(b) Explain clearly the*different stops in the reasoning which led to the 
introduction of Laplace's corrections in Newton’s original expression fon 
the velocity of sound in air. (Pat. 1927 ; of. All. 1946 j«/. Del. 1940) 

(e) Prove that in the case of a perfect gas the ratio between the adia¬ 
batic and isoehermal elasticities is the same as the ratio between its two 
specific heats. _ (R. U. 1950) 

5. If the velocity of sound in air be given by F» /?, show that E is 

• V D 

egual to the atmospheric pressure if the process involved in sound propaga¬ 
tion be regarded as isothermal, What other view can be taken of these 
, processes ? Which of the two is correct and why ? What will be the 
i effect of a change in atmospheric pressure and temperature on the velocity 
of sound ? (Benares, 1953) 

6. Find the barometric pressure on a day when the velocity of sound in 

air is 340 metres/see. and density of the air is l'22xl0~* gm./c.c, given that 
the value of 7=1*41. (U. P. B. 1955) 

{Ana, 1 75 cms. of Hg.] 

7. Give Newton’s expression for the velocity of sound in air. Does It 
tally with the experimental value ? If not, why not ? 

How is the v^ilooity of sound affected by change of pressure, temperature 
and humidity ? (G. U. 1949) 

8. Discuss the effects of temperature and p ressure on the velocity of 

sound. (Del. 1938; Utkal, 1952) 

9. Describe in general terms the effects of wind, pressure and tempera¬ 
ture on the velocity of sound in air. (C U. 1950) 

10. How can the velocity of sound in atmospheric air be measured? 
Give any two methods. How is the velocity affected by changes of pressure 
and temperature ? 

(C. U. 1917. ’37. ’41; All. 1945, ’46 ; c/. Pat. 1921. ’30. '40. '43. n. p. a 1944) 

11. Indicate how you could find the distance of a storm by noting 
temperature of the air and the interval between the flash of lightning and 
the soun d of thunder coming from the storm. 

What evidence could you give that the velocity of sound is practically 
independent of the amplitude and frequency of the air vibrations. (Pat. 1934) 

[Hint8.“-When some one speaks or sings, the sound is not a simple one. 
It is a compound sound, •* e. it consists of tones of different amplitades and 
frequencies. Bat as every tone take^tha same time to reach us, evidently 
the velocity of sound does not depend on the amplitude and frequency of 
the air vibrations.] 


12. The interval between the flash of lightning and the sound of thunder 
is 3 secs, when the temperature is 10®C. How far away is the storm ? 
(Velocity of sound in air at O^C. is 1090 ft. per sec.) 

(.dfM.: 1110 yds.] 

13. The thunder accompanying a lightning is heard 6 secs, later than 

the flash. Assuming the temperature of air to be 27®C. calculate the 
distance at which the lightning must have occurred. Velocity of sound in 
air at 0*C. »33P3 metree/sec. _ (M, U. 19201). 


__*331*3 metree/sec. 

[Atu ,. 2086 metres approx.] 


14. A cannon is fired from a station A at the top of 
observers are placed at two points and (7 equidistant i 


wmm*/ ^ vw^ VX a mountain and 
<7 equidistant from A. B is at the 
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top of another motintain, while 0 lies in the valley between the two. 
Assuming the temperature of air to fall as we descend, explain which of the 
observers will hear the cannon first. % • (Pat. 1922) 

15. An observer sets his watch by the sound of a gun fired at a fort 1 mile 
distant. If the temperature of the air at the time is 15°C., what will be the 
error ? Mention other causes which are likely to lead to errors in the 
setting. (Velocity of sound in air at 0°C.*1090 ft. per sec.). 

[Ana,! 47 secs.X 

16. An echo frorn a cliff is heard 5 secs after the sound is made. If the 

temperature of the air is 15'^C.. how far away is the cliff ? The vel6city of 
sound at 0“C «1090 f t./sec, (Pat. 1950) 

[Ans.: 2800 ft. approx J 

17. If the velocity of sound in air at 0°C and 76 cma. of mercury pressure 
is 330 metres per sec., calculate the velocity at 27°C. and 74 cms. pressure. 

(C. U. 1935) 

[An$.: 346'6 metres per sec.] 

18. On what factors, and how, does the velocity of round in a given 
medium depend 7 

19. The densities of Jry air and moist air are in the ratio 10; 8. On a 
'^dry day a sound travels a certain distance in 6 secs. How long will the 

bound travel the same distance on a moist day ? , 

[An#.: 5*38 secs.] ^ 

20. On one occasion when the temperature of air was 0 ®C., a sound 
made at a given point was heard at a second point after an interval ot 10 
seconds. What was the tem]»eratare of the air on a second occasion, when 
the time taken to travel between the same two points was 9'652 seconds V 

[An#.: 197"C.] 

2L An observer sots his watch by the sound of a signal gun fired at a 
distant tower. He finds that his watch is slow by two seconds. Pind the 
distance ot the tower from the observer. Temperature of air during 
observation is 15’C. and the velocity of sound in air at O^C, is 832 
metres/sec. (Pat. 1939 ; cf. Utkal, 1953) 

[Hint8.--F*332(l-f-O*01 X 15)~341'15 metres/soc. < 

JJiHtance=!34ri5 x 2=5682 B metres.] 

22. Calculate the velocity of sound in hydrogen gas* assuming the 
velocity in air to be 332 motres/sec. and having also given that 1 litre of 
hydrogen weighs 0‘0896 gm. and 1 litre of air 1*293 gm. 

[An#.: 1262 metres/sec. approx.] 

23. An explosive percussion signal on a railway is set off by a loco* 

motive passing over It. A listener 1 km.'away with one ear on the rail 
hears two reports. Explain the phenomenon and calculate the time 
interval between the two sounds. Ctiven, y for steel:=2 x 10^* dynes/sq. cm.; 
Plor Bteel««7‘8 gm./c.c.; P for air=:0'0013 gm./c.c,; 7 for air3Br4; P=10* 
dynes/cm.*. (G. U. 1953) 

[An#.; 2*8 secs.] 

24. How would you show that sound travels faster in air than in carbon 

d,ioxide and slower in air than in iron ? [Pat, 1918 } Utkai, 1052) 

25. Explain; If au observer places his eat close to one end of a long 

iron-pipe line, he can hear two distinct sounds, when a workman hammeis 
the other end of the pipe line. (C. U. 1950) 

26. Explain how sound-waves have been used to determine the position 
of a ship in a sea in foggy weathier. 



CHAPTER IV 

REFLECTION AND REFRACTION OF SOUND 

32. Sound and Light Compared :—^Wken a disturbanoe 
occurs in open air, sound-waves proceed radially outwards in all 
directions from the source as the centre, just as light radiates out 
from a centre in all directions around it. But there is a fundamental 
difference between the methods of their propagations. Sound is pro¬ 
pagated in the form of longitudinal waves, whereas light is propagated 
in the form of transverse waves. The term rays of light is used to 
express the directions in which light-waves proceed from a source. 

' Similarly, any line, along which a sound-wave is propagated, may be 
called a sound ray. These terms are, however, only a convenient way 
of speech and have no reference to the actual modes of yiropagation. 
Light-waves are fefleeted from plane and spherical surfaces obeying 
certain laws ; sound waves arc also retlecited according to the same 
laws— via. that the angles of incidence and rellection are equal and 
.that the incident and reflected rays and the normal at the point of 
incidence ari^in the same plane ; bnt conditions under which reflec¬ 
tions of these two waves take place are widely different on account of 
the lengths of light-waves and the lengths of sound-waves being 
greatly dill erent. It mu'it also be marked that light can travel through 
vacuum whereas sound-waves require a material medium for their 
transmission. 

Under favourable conditions sound-waves can also be reflected 
like light-waves, and there may be also interference due to two waves 
of sound as due to two appropriate waves in the case of '’ght. 

LightJFrom a luininoas source is usually complex being composed 
of simple colours mixed up in some proportion. Bounds emitted by 
common sources are also complex. The quality of a sound {oide 
Chapter VI) depends upon the number of simple tones present in the 
sound, their order, and also on their relative intensities. The colour 
of a light, say, red or blue, depends upon the frequency of the waves 
produced ; similarly, the pitch of a sound {vide Chapter VI) depends 
on the frequency of vibration produced. 

Sound-waves are detected by the auditory nerves of the ear while 
light-waves are detected by the optic nerves. 

33. Reflection of Sound :—In order that appreciable reflec¬ 
tion of a wave may take place from any surface, the area of the sur¬ 
face should be fairly large in comparison with the wave-length of the 
wave incident on it. Sound-waves are much larger than light-waves. 
The lowest audible note has got a wave-length of about half-an-inoh, 
and the highest audible note has got a wave-length of about 32 ft,— 
for example, the wave-length corresponding to the note C is nearly 4 ft, 
whereas the wave-lengths of visible light are included between Ifl and 

35 
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80 millionths of an inch. Consequently, it is evident that larger 
surfaces are required for complete reflection of sound-waves than are 
i^uired for light-waves. On thtp other hand, the sound-waves being 
larger do not require the reflecting surface to be so smooth as may be 
required for light-waves. For this reason, a brick wall, a wooden 
board, a row of trees, or a hill-side, all serve as reflectors of sound¬ 
waves. The following experimente will illustrate the reflection of 
sound-waves like light-waves. 


(I) Reflection at a Plane Surface. —^Fix a large plane wooden 
bopd AB vcrticaDy and place a long hollow tube Ti with its axis 
pointing to some point C on the board 
making a definite angle with the plane 

of the board (Fig. 10), Now place another ^-? 

similar tube with its axis pointing to- / ^ \ 

wards C. Hold a small watch just in //V VA 

front of the tube Ti and put your ear /// vX 

at the end of the receiving tube T2 T,/y v\ 

which is turned with th<^ point 0 as '/// Vvy* 

centre in all possible positions till the Ay ‘ y\ 

sound of the watch appears moximuni, a 
board 8 being placed between the tubes ^ 

to cut off the direct sound. It will be s ^ 

found that sound obeys the same laws 

of reflection as light, vix — Fig. 16—Reflecfion of Sound. 

(?) The angle of rell<'eti<.»n is equal to the angle of incidence ; 
that is, the axes of T\ and make equal angles with the normal 
to AB at C. 


Fig. 16—Reflection of Sound. 


(??) The reflected sound ray, the incident ray, that is, the axes of 
T\ and ^ 2 > and the normal at the point {C) of incidence on the board 
lie in one plane. 


i2J Reflection by Concave Surfaces, —^Two large concave 

spherical mirrors M 
and M' are placed co¬ 
axially on a table 
facing each other. A 
watch is placed at the 
focus of one of them, 
M. The sound-waves 
proceeding from the 
17 watch being reflected 

from the first mirror will fall on the second mirror, and will be con- 
verged at the focus of M', where the sound-waves can be received by 
'l^e ear B by means of a funnel tube. The ticking of l^e watch will 
be distinctly heard at the focus, and it will be inaudible at other 
points, or at the same point, by displacing the mirror a little. 

SS(ah Practical Examplee 1 —The principle of reflection of sound 
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is applied in speaking tubes, ear-trumpets, doctors* stethoscopes, etc. 
In tiiese cases 
the sound-waves 
are reflected re¬ 
peatedly from 
side to side of 
the tubes (Fig. 

18). Hfire the 
sound-waves can Fig. 18—Reflections m a Tube, 

not spread, so 

the energy of the waves, instead of being distributed through a rapidly 
4increasing space, remains more or less confined within the limits of 
the tubes, and so an ear, placed at the distant end, can hear the sound 
distinctly. 

Reflection in*an Auditorium .—Sometimes the rooms and halls 
of buildings with arched ceiling serve as reflectors of sound- rt^aves. 
The walls of large halls also often reflect the sound-waves which 
interfere with tli^ words of a speaker, and the eflect is confusing 
This may be •avoided by the hanging up of screens and curtains 
which are bad reflectors for sound-waves. The inh’rferencc is also 
avoid('d to a certain extent when the hall is filh'd with an audience 
whose bodies serve to damp the sound, and for this reason it is often 
easier to speak before a large audience than in an empty hall. On the 
other hand, it has b(‘en found that in the open air, where there is no 
echo, it is rather difficult to mak(‘ oneself heard to a large crowd, and 
this is not so in a big hall as a certain amount of reflection helps in 
^ increasing the volume of sound. It has been practically /f*n that the 
<‘fl:ect is bett(‘r when echo is heard nearly about 2 seconds after the 
original soulld. 

In churches there is often a concave reflecting board above the 
pulpit which reflects the sound made by the preacher down to the 
congregation. 

If a source of sound is placed at the focus of a parabolic reflector, 
the sound-rays are rendered parallel whereby they can reach great 
distances. 

It is known to everyone that the hollow of tho hand held at the 
back of ffie ear in a curved way serves to concentrate the sound¬ 
waves and thus h^lps one to hear a distant sound. 

34. Echo :—When sound returns back after reflection from an 
obstacle, it is called an echo. A speaker's own words at a pkee are 
often repeated by reflection from a distant extended surface, such as 
a distant oUffi, a row of buildings, a row of close trees, etc. The 
phenomenon is known as an echo and is a very familiar ejcample of 
the reflection of sound waves. A sound made near a wall, or a hill-side 
will be rc'flcctcd and heard as two distinct sounds, provided the dis¬ 
tance between the observer and the reflecting surface is large enough 
to allow the reflected sound to reach him wilJiout interfering with l£e 
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direct sound. The impression of a sound persists for about t\jth of a 
second after the exciting oau^e ceases to exist. This period 
may, therefor^ be regarded as the period of persistence 
of the sensation of sound. Taking the velocity of sound in 
air to be 1100 ft. per second approximately, a sound-wave can 
travel 110 ft. in i^oth of a second. So, in order that the echo of a 
sound may be distinctly heard, the reflecting surface should be at a 
distonce not‘less than 55 ft. from an observer, in order that the 
reflected sound-wave may reach the ear of the observer not earlier 
than of a second after the first sound is heard, 

Velocity of Sound by the Method of Echo.—By means of 
echoes tt ts possible to obtain a rough estimate of the velocity oft 
sound. Suppose you stand some hundr^s of yards from a hill and 
try to find out the time between a shout and its echo. If you are 
500 yds. from the hill and the echo comes back in 3 seconds, the 
sound has travelled twice 500 yds. or 3000 ft. in 3 seconds and 
therefore has travelled 1000 ft. in a second. So the velocity of 
sound is 1000 ft. per second. 

Series of Echoes. —Suppose a person at A is placed between two 
reflectors B and 0 situated at a distance of 330 ft. from each other, 
so that the distance A B is 110 ft. and AC, 220 ft. Now if a pistol 
is fired at A, the wave travels to B, is reflecti'd and comes back to 
A reaching in second. The wave then travels to C and 

comes back to /I in second aftor the first echo, i.e. 

second from the beginning. The wave again travels to B and is 
reflected. This goes on. 

But in the beginning the sound-wave also directly travels to C, and 
comes back to A, after reflection in second. It then goes to B and 
comes to A, vb second later and so on. So we get a series of echoes 
resulting from B, in I’o* efc- second, and another series 

of sound resulting from C in 7 * 0 , '^oj ^to. second. 

Articulate Sounds. —In the case of articulate sounds, however, 
the distance of the obstacle should be at least twice, that is, 110 ft 
instead of 65 ft., as observed above. It is so, because a person cannot 
pronounce more than 6 syllables distinctly in one second, and the ear 
also cannot recognise them if more than 5 syllables are pronounced in 
one second. If a person pronounces a, he takes i^th of a second for it 
by which time the sound can travel through 220 ft., taking the velocity 
of sound to be 1100 ft. per second. So, an echo will be heard only if 
the reflecting surface be at least at a distance of 110 ft. from the ob¬ 
server. If the person pronounces any 5 syllables, say a, b, r, d, and e, 
and if the reflecting surface be at a distance of 110 ft., thou he will 
hear the echo of the firet syllable just as he is about to pronounce the 
second syllable b. Similarly, the echoes of h, c, d, would come to him by 
|th of a second, just as he is about to pronounce the next one. So 
only the echo of toe last syllable will be distinctly heard. This echo 
which enables us to hear only one syllable distinctiy is called a mono- 
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syllabic echo. If the reflecting surface Ije at a distance of two or 
three times, the echo will be di-syilabic or tri-syllabic and so on. 
Evidently, if the distance be n times 110 ft., then the echo of the last 
n syllables can be heard. Echoes which enable us to hear two or more 
syllables are sometimes* called poiytsyliable echoes. 

35- Echo Depth’atounding^ The phenomenon of reflection of 
sound has been applied in measuring the depth of the '■ea. For this 
purpose a hydrophone is placed under water and a small under-water 
charge of some explosive is placed near it. Two sounds are heard 
when jibe charge is tired, the direct sound of explosion coming to the 
hydrophone and the echo of it coming a little after by reflection from 
the sea-bed. The instants of reception of the two sounds by the 
hydrophone are automatically recorded by a suitable device and the 
interval between them found out. If this is t sec., then taking the 
velocity of sound in water to be 4714 ft. per sec., the distance of ihe 
surface to tlie sea-bed and back must be 4714 X / ft, i.e. the depth of 
the sea is 2.557 i feet 


An instrument constructed on the above principle known as a 
fathometer is used for depth-soundiug in oceans. Echo of radio- 
’ -swaws is used ^o explore the ui)per atmosphere. 

man ttaiioned betweniwo parallel diffs firea a gttn. fie 
neatp tht ajter two BecotidB und the next afttt 6 40 c#. Whai ie hie position 

between the eli£t and when he heart the third echo ? {All 1910 ; Utkal 1951 ) 


Let V be the velocity of sound in air, » the distance of one of the cliffs from 
the man, and y the distance of the other cliff. Then, if the first echo be heard 

V 

after two seconds, 2* ^ ; or, V»x. 


The sound-wave will also be reflected by the other cliff and come bdck after 

mm. 


5 seconds. 


; or, V 




a?_2 
or, 


5 y 5 

That is, the position of the observer divides the distance between the cliffs 
in the ratio of 2 : 5. 


The third echo will be beard 7 seconds after the firing of the gun, for the 
sound-wave reflected from either of the cliffs will be reflected from the other 
cliff andjiake 7 seconds to come to the man. 


snpins is approaJking a tunnel eurmounied by a diff, and emita a abort 
whiatla when half mile away. 1 he eaho reachea the engine after 4^ aeconda. Caleu- 

laie the speed of tho engine assuming the wlodty of sound to be 1100 JL per sseond. 

Let A be the first position, B the second position, when the echo of th 
whistle is heard and 0 the position of the cliff. 


Then AO = ^ mile=2640 ft. 
sound=1100 XI » 4S50 ft, .% 

it 


In 2 seconds the distance to be travelled by 
The distance (40+BO)=4950 ft. 


So fi0as4950- 26405 = 2310 ft. and .45*(2640-2310) =330 ft. 
This distance is travelled by the train in 4^ secs. 
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330 X 2 

Speed of engine* ft, pet tec. *50 miles pet hour. 

^ 1 

An <(Ao f^eote S ayUablM, each o/ whuA reguirei ^ofa second to pro* 

1 ^ 
ounee and ^ a Moond iHapBta betwtm 4h» Him the Unt tyllable it heard and the 

firal tyUabie ie echoed. Oaloulate the dietanee of the reflecting eurfaoe, the velocity of 
tound being 8S2 metree per eeoond. 


The five syllables will take (5 x =- )*1 second to ptonounce. 

0 


As 


^ a second 
2 


elapsea e^et che.last syllable is pronounced in order that the echo oi the first 
('yllable is heard ; so the time taken by the sound of the first syllable to travel 

1 3 

to the reflecting surface and back to the observer is l-fi ::s^. seconds. 

M Cl 


3 3 

In -- secs, the sound will travel 332X„ =498 metres. This distance is twice 

A 2 

that between the observer and the reflecting surface ; therefore the required 
498 

d stance* *249 metres 

(d) A man standing before a cliff repeats syllables at the rate of 5 per eeoond. 
Wh^ he stops, he heare dislinetly the last S syllables echoed How far is he from 
the <diff ? (The velocity of sound in air is 1100 ft per sec.) 

1* has been explained already that in the cabc of a moiyi-syllabic echo the 
distance of the leflecting suitace must be 110 it. Now because the^last 3 ‘•yllablcs 
are heard distinctly, the man must be at a distance of about 3X110—330 ft. from 
the cliflf. 

36. Nature of the Reflected Longitudinal Wave : —When¬ 
ever a longitudinal wave jiassing through one medium meets another 
m(‘dium of different density, it will be partly reflected, hut the type 
of the refiecte t wave wilt depend upon the density of the .second 
medium. This can be understood from the following illustrations— 

Reflection at a rigid surface. —Let a number of light and 
heavy steel balls be arranged in one line, the light balls represen¬ 
ting tiie particles of a lighter medium and the heavy balls ^lose of a 
denser moduiin. ]£ a forward push bo given to one of the ligliter 
balls, it wi|l strike tlie next ball, which in turn will strike its neigh¬ 
bour, and in this way, energy will be handed on from one to the 
other until the last light ball strikes a heavy ball. After the impact, 
the light ball will rebound and strike a ball just behind it, aud thus 
set up a reflected pulse backwards. It should be noticed that at the 
time of proceeding forward, one ball was pressing against another 
and it appeared as if a compression wave was moving onwards. 

After the impact, also, the same process is repeated backwards. 
Therefore the nature of the pulse is not changed. Similar thing 
happens in the case of longitudinal sound-waves. TF^en such a wave 
meets a fixed Cfidf or the surface of a denser medium, a wave of com¬ 
pression reflected back as a wave of compression, and a wave of 
rarefaction is reflected a# a wave of rarefaction,—that is, in 
refheiion from a fixed and rigid surface, there is no change of ike 
type 0f the wave* 
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► Reflection at a yielding surface .— t 

Now, in. the above experiment, if a forward impulse be giv en to 
one of the heavy balls the direction of motion of the heavy ball after 
impact with a light ball*will remain*the same, i.e. forward But the 
second ball, being lighter than the striking heavy ball, after impact, 
will move with greater speed, so it will create rarefaction behind it. 
Consequently, in the case of a longitudinal wave meeting a less dense 
mediumy the reflected wave suffers a reversal of type ; a compressed 

wave is reflected bach as a rarefied wave^ and vice versa. 

« 

Tf both ends of a spiral are free, a pulse of condensation travelling 
to the other end is refleeted along the same path as a puLc of rare- 
faction So also a pulse of rarefaction returns as a pulse of 
4 condensation. 

37 , Refraction of Sound :—When sound waves cross the 
boundary separating two media in which the velocity of transm^'^&ion 
is different, they are refracted obeying the same laws of refraction 
as for light The refraction of sound may be demonstrated by taking 
ix lens-shaped Tudia-rubbor bag filled with any gas, say,carbon dioxide, 
whos<‘ densit> is^hlVcront from that of air. Refraction of sound, how¬ 
ever, h IS got Very little important application in our daily life. 

(a) Effect of Temperature .—As the density of air changes 
due to the change of temperature and so the velocity, it follows that 
change of temperature of air causes refraction of sound-waves. 
Duiing the day time the lower layers of air are at a higher temperature 
than those higher up. 8o the sound-waves, as they travel, will be 
refracted upwards, %.e. their line of advance will be bout away from 
the ground ; and hence the intensity at a distance will be diminished 
due to this effect. On the other hand, at night time when the lower 
layers are Voider than those above, as with layers of air over the 
surfac>e of water, the bending of the line of advance wiU be towjirds 
the ground and the intensity will be iinToased. So, in this ease, 
sound from a longer distance will be heard much more clearly than 
ill day time. 

(b) Effect of Wind.-^A sound wave travels a longer distance 
near the surface of the efudh in the direction of the wind than 
against it 

This is due to refraction of sound. Each vertical column of air 
on the eartVs surface moves, during a strong wind, through a greater 
distinco at the top than at the bottom. W'hen the sound moves in 
the direction of the wind, the velocity of sound is augmented more 
in the upper layers than in the lower layers of amsh a column. The 
direction of propagation of the sound being normal to the column, 
the sound bonds downwards, i.e. there is a concentration of sound 
.near the surface of the earth. 
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When the wind blows against the sound, the velocity of tiie sound' 
is diminished more in the upper layers of the air than in the lower 
layers of each column of air. So the souud^is refracted upwards. 


Questions 

1. Desctibo an experiment to demonstrate the reflection of sound. 

(C U. 1946) 


Name a few appliances based on the reflection of sound-waves. 

(Pat. 1944 : c/. C. U. 1946) 

2. What is an echo 7 Give an instance where echoes are a disturbance and^ 
mention briefly the measures that would be adopted as a remedy. (Utkal, 1952) 

3. What is an echo ? (C. U. 1946 ; Pat. 1947) 

Why is a succession of echoes sometimes observed ? , 

A man fires a gun on the sea-sbote in front of a line of cliffs, and an observer, 
equidistant from the cliffs and 300 ft. away from the hrer notices tW the 
echo takes twice as long to teach him as does the report. Find by calculation or 
graphically the distance of the man irom the cliffs. • (Pat. 1922) 

[Hmta.— A is the position of the firer and 0 that of the observer ; B is the 
place on the cliffs where reflection takes place. (See Fig. 18, Part IV.) 

From the question, ANsNOa^lSO ft., if A, N and 0 arc in the same st. line ; 
and AS»BO, Hence calculate BB, which is the distance of the man fiom the 
cliffs.] 

[An$.: 259-8 ft.] 

4. Explain how echoes are produced. How may the phenomenon be used to 
measure the velocity of sound in air 7 

5. A boy standing in a disused quarry claps bis hands shatpjly once every 
second and hears an echo from the face of the opposite cutting, He moves until 
the echo is heard midway between the claps. How far is he then from the re¬ 
flecting surface, if the velocity of sound at the time was 1120 ft. per sec. 7 

iAni.s 280 ft.] 

6 . Explain—“A brick wall reflects waves of sound but not waves of light, 
whereas a small mirror will reflect waves of light but not of sound." 

(G. U. 1952) 

7. How would ycu show that sound waves get reflected and obey the 

law that the angle of incidence is equal to the angle of reflection ? Explain how 
the formation of an echo and a physician’s stethoscope are due to the reflection 
of sound waves. (Dei. H. S. 1954) 

8 . How echoes are produced 7 Give • practical application of the use of 

echoes. (Utk^, 1^7 ; qf. Pat. 1949) 

9. At what distance from the source of sound must a reflecting surface be 
placed so that an echo may be heard 4 secs, after the original sound 7 (The- 
velocity of sound in air is 1100 it. per second.) 

lAn§,: 2200 ft.]' 
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10 A man standtnj between two parallel clifiTs fires a gun, He hears oue 
echo after 3 secs, and another after 5 secs.; what u the distance between the 
chffs? 

[Aim. : 4400 it.] 

11. Six Birllables are ethoed by a reflecting surface placed at a distance of 
650 It. What 18 the temperature I (Fo*1090 ft. pet sec.) 

[Ans.; -3-34X.] 

12. A cannon is placed 550 yards from a long perpendicular line of smooth 
cliffs. An observer at the same distance from the cliffs hears the cannon shot 4 
seconds after he sees the flash. If the velocity of the sound is 1100 ft. per 
second, when will he hear the echo Ixom the cliffs 7 

IAA».: 1 second after hearing the direct report.] 

13. Explain the production of echoes. An echo repeated 6 syllables. The 

velocity of sound is 1120 ft. per sec. What was the distance of the reflecting 
surface ? (C, U. 1^) 

[Am, ; 672 ft.] 

14 An echo repeats four syllables. Find the distance of the reflecting 
surface, if it takes one*hftb of a second to pronounce or hear one syllable 
distinctly. (Vel bf sound=1120 ft. per sec.) (Pat, 1944} 

[Am. : 448 ft.] 

15. A man standing between two parallel cliffs fixes a rifle. He hears the 
first echo after •1'^ sees , then a second 2^ secs, after the shot, then a third 

echo. Explain how these three echoes are produced. Calculate how many 

seconds elapsed between the shot and the third echo, and calculate the distance 
apait of the two cliffs. (C. U. 1944) 

[Am. i *=4 bees.; distance =s2x vel. of sound] 

16. How is echo employed to measure depths of oceans 7 (C. U, 1946) 

17. Describe experiments to demonstrate reflection and refraction of sound. 
A stone dropped into a well reaches the water with a velocity of ti0ft./scc. 

and the sound of its striking the water surface is heard 2^^ secsf after it is let 

fall. Find the depth of the well and the velocity of sound in air. 

(g*32 ft./9ec.s ). (Bihar, 1955) 

[An*.: 100 ft.; 1200 ft./scc ] 


CHAFIER V 

RESONANCE ; INTERFERENCE : STATIONARY WAVES 

38, ^ Free and Forced Vibratione :—^All bodies, no matter what 
their size, shape, or structure, vibrate m their own natural periods, 
when slightly disturbed from their positions of rest and left to them¬ 
selves. Such vibrations are called free vibrations. The bob of a 
simple pendolum, when slightly moved to one side and then released, 
vibrates with its own peri<^ depending on its length ; so abo large 
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stmctores like biidgesi tail chimneys, and largo ships on oceans have ^ 
got their own natural peribcLs of vibration. 

If a periodic force be applied to a body capable of vibration, and 
if the period of the force is not the same as the free period of the 
body, the body at first tends to Vibrate in its own way but will 
ultimately vibrate with a period equal to that of the applied force. 
Such vibrations of the body are called forced vibrations. 

Examplen .—^If a vibrating tuning-fork is held by the stem in the 
hand, the sound will be almost inaudible even from a small distance, 
but, if the stem be lightly pressed on a table, the sound is much inten¬ 
sified. The reason is tliat the vibrations of the fork are communicated 
to the table which is thus forced to vibrate at the same rate. Due to 
the* vibrations of the table a large volume of the air in contact is made 
to vibrate, and the waves thus set up are added to those originating 
from the fork, and, consequently, the sound becomes louder. 

The diaph^£^ym of a gramophone sound-box is a common example 
of forced vibration, where the diaphragm vibrates with frequencies 
corresponding to the tone*-' conveyed from the record. The vibrations 
from the sounding boards of musical instruments like violin, piano, 
etc. are also forced vibrations. The sounding board of a violin is' 
first set into forced vibration by the vibration of the striAgs, and then 
the large mass of air inside the board also vibrates and intensifies 
the sound. 

39, Resonance : —When a body is forced to vibrate, due to an 
applied external force, it vibrates witli a very small amplitude, if the 
period of the applied force is diflFerent from that of the free period of 
the body ; but whf'n these two periods are the same, the body vibrates 
with a much greater amplitude. The latter phenomenon is known as 
resonance. Thus resonance is a pufiicular case of forced vibration 
and u produced when one body forces vibrations on a second body 

i — w-., ^ whose natural frequency of vibration is equal to that 

j j I of the first. Tlie principles of forced vibration and 

j I [ resonance may bo illustrated by the following 

experiment— 

Expl —Four simple pendulums A,By (7and J) are 
suspended from a flexible support. The Icngtlis of A 
and B are equal, and so thefy have got the same period 
of vibration ; 0 is slightly shorter, and D slightly 
longer than A or ^(Fig 19). When A is set in vibration, 
the flexible support is also set iu forced vibration of 
the same period, but of smaller amplitude. As a result 
of the vibration of the support, a periodiciorce of the 
same period is applied to each of the pendulums B, C and D which are 
made to vibrate. It will be found that B, whose length is equal to 
that of A, readily vibrates with an equal amplitude. This is the case of 
resonance. The pendulums (7 and D at first awing slowly and irregularly 
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►^aad then come to rest, but ultimately vibrate steadily with the same 
period as that of but with smaller amplitude. They show forced 
vibration. 

40. Resonance Air^col^mn :—^The air- 
column within a tube may also be mside to vibrate by 
resonance, when a vibrating tuning-fork is held 
close to the upper end of the tube. 

Take a vibrating tuning-fork A and hold it hori¬ 
zontally, as shown in the figure, over a tall g^ass jar B 
(Pig. 20). Now gradually pour water into the jar and 
note that for a certain length El) of the air-column 
inside the jar a maximum sound is heard. Pour more 
water in, and tlie sound disappears. This stren^hening 
of the sound is called resonance, which, in this case, 
takes place when the period of vabration of the tun¬ 
ing-fork is equal to the natural period of vibration of 
the enclosed colufhii of air. , 

It will be found that, for forks having difFerent 


' Fig 20- 
Resonant Ait- 
rolnmn 


fretpicneies of vibr.ition, the lengths of air-column giving maximum 
* 'resonance will h% dih'tTent. It will be greater or less as the frequency 
of vibration of the fork is lower or higher (for explanation, vide 
Chaiiter VIIl). 

‘ • 41. Sounding (or Resonance) Boxes: —^Tuning-forks are 
often mounted on hollow wooden boxes, called sounding or remnance 

boxes. The sizes of tlie&e boxes are so 
arranged that the enclosed mass of air has a 
free vibration whose natural period is the 
same as that of tiie fork. When the fork is 
struck, it sets the wood into forced vibra¬ 
tion of the same period, and tliis agrees 
with the natural period of vibration of 
the enclosed mass of air ; so the bound 
becomes louder due to resonance. 

Hero the energy of the vibrating fork 
is quickly used up in setting the wood with 
the enclosed air into vibration, whereby 
loudiftjss is gained at the cost of duration of 



Pig 21—Resonance Box. 


sound. The action does not violate the principle of conservation of 
energy. Instniments like the sonometer, violin, diar, esraj, etc. are 
iilways^ provided with a large hollow wooden board known as a 
sounding board whose principle of action is similar to what is 
explained above. When the handle of a tuning-fork vibrating 
feebly^ is held on a table, the sound is intensified. Here the 
intousificaton is due to the vibration of a large volume of air which 
is made to virbrate by the forced vibration of the table. 

42. Resonators :—^The great i) erman scientist Helmholtz (1821 - 
1894) constraoted globes of brass, each having a large aperture B tor 
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receiving sound-waves and a smaU one A at the o^er side against4 
which the ear is placed (Fig. 22). He utilised the principle of reso¬ 
nance in his investigations on the quality {vide Art. 
64) of notes^emitted by. various sources. These 
globes of various sizes are called Helmholtz re¬ 
sonators. In a given set of these resonators the 
size of each resonator is such that it can respond 
to a tone of given fixed frequency and the tuning 
is so perfect that the particular tone, if present in 
a complex note, can be picked up with distinct¬ 
ness, by placing the ear at the small aperture A. 



Fig. 22— * 
A Resonator. 


43. Sympathetic Vibration :—If two stringed instruments are 
tuned to the same frequency and if one of them is sounded, the second; 
also is automatically excited when placed close by. The induced 
vibnition of the sec<»nd is known as sympathetic vibration. 

Let two tuning-forks of the same vibration frequency fitted to 
two resonance boxes be placed near each other. One of them is bowed 
strongly and then the vibration is stopped by touching it, when the 
other will be found to emit the same note, althougl\ it has not bceii 
bowed at aU. This is a case of resonance. The vibration of the second 
fork is called sympathetic vibration. The i)henomcnon will not 
happen, if the frequencies of the forks are not exactly the same. 

If a sequence of small repeated impulses be applied to a vibrating 
pendulum, and if each push be given exactly at the end of one com¬ 
plete swing, or, in otlicr words, if the period of the impulse be 
exactly equal to the period of vibration of the swing itself, the pen¬ 
dulum will vibrate so that each suc«-eeding swing will be greater than 
the previous one. It is for this reason th.at soldiers are ordered to 
break step when crossing a suspension bridge, as otherwise the regu¬ 
larity of the impulse due to the steady marching may agree with the 
natural period of vibration of the bridge, which will set up danger¬ 
ous oscillation. Similarly, a ship at sea may be thrown into danger¬ 
ous oscillations when the frequency at which the ship is struck by tlio 
waves is equal to the natural frequency of vibration of the ship. 

44. Interference of Sound :—When two systems of waves 
travel through the same medium simultaneously, the actual dis¬ 
turbance at any point of the medium at any instant is the resultant 
of tliO component disturbances produced by the waves separately, i.e. 
the actual displacement of a particle at any point in the medium is 
ike algebraic sum of the displacemeniB width ike wat'es would sepn- 
rately produce. This is known as the principle of superposition. If 

crests of the two waves arrive simultaneously at the same point, 
i.e. if they are in the some phoie, then they wiU combine to produce 
large crests ; and similarly two troughs arriving at the same point at 
the same instant will produce deeper troughs. Bat, if the two wave^ 
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are exactly and if conditions are such that the trovghsi of 

one wave fall upon the crests of the other, i.e. if they are in opponie 
phases then they complAely annul c«e another and the result will be 
the absence of any disturbance in the medium at that place at that 
instant and the two sound-waves, in such a case, will produce silence. 
This is the principle of interference of sound. 

By dropping two stones into a pond simultaneously at two 
neighbouring points, two sets of ripples are produced and when these 
ripples*mcct one another, a definite inte' fereac^. pattern is observed. 
Some lines can be seen along which the water particles are undistur¬ 
bed and there are other intermediate lines along which a maximum 
disturbance occurs. Similarly, for sound-waves, the compressions of 
one sot may servo to neutralise the rarefactions of another set at 
some points of a medium and to reinforce the compressions of the 
other set at other points of the medium. 

45. Beats :—When two sounds preferably of the same type and 
intensity but with slightly different frequencies are produced together, 
a fluctuatiou of loudness (waxing and waning of sound) occurs at any 
place in the jiiei^libourhood of the sources of sound due to the mutual 
interference of the two 
notes. In tlie resulting 
sound-wave the com¬ 
ponent waves pt'riodi- 
■cally reinforce each 
other at some instant 
of time and destroy 
each other at some 
other instant of time 23—Formatioa of Beats. 

and so the sound heard possesses a characteristic throbbing or beating 
effect. This phenomenon is known as Beats. The phenomenon 
may be represented graphically as follows— 

Tn Fig 23, idic dotted curves represent two wave systems (arranged 
on the same axis) produced by two vibrating tuning-forks of slightly 
■different frequencies. At the beginning of a given second, the two 
forks are swinging together *so that they simultaneously send out 
condensations, and the result of the two condensations will pro¬ 
duce a double effect upon the ear (as at A Fig. 23). But as the 
frequencies of the forks differ, the subsequent effects upon the ear 
is represented by the continuous curve, which is the result of com¬ 
bining these two wave systems, and is obtained by finding <he 
algebraic sum of the separate displacements, as time passes- 

It is evident from the nature of the continuous curve that its 
amplitude varies in a periodic manner, being maximum at A and C 
and minimum at fi, due to which there is a periodic change in the 
intensity of the sound heard. At A, when the vibrations are in the same 
phase, the resultant displacement is the sum of the displacements 
of the two component waves, and at B these are in opposite phases. 
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and the resultaat displacement is given by their differences. As the 
loudness depends upon the ampHtude of vibi’ation, the sound heard, 
for small intervals, corresponding to instants, A and C, is the loudest 
when the amplitudes are maximum, and it is minimum at B when the 
amplitude is minimum, Such fluctuations of loudness of the sound 
are known as beats. 

Suppose two tuning-forks having frequencies, 256 and 257 per 
second respectively, are sounded together. If, at the beginning of a 
given second they vibrate in the some vhase so that the compressions 
or rarefactions of the corresponding waves reach the ear together, 
the sound will be strengthened. Half a second later when one makes 
128 and the other 128^ vibrations, they will be in the opposite phase, 
?.e. a compression (d one wave will unite with a rarefaction of the 
other and will tend to produce silence. At th<' end of one second they 
will again be in the same phase and the sound will be augmented, ,mtl 
by this time, one fork will gain one vibration over the other. Thus, in 
the resultant sound the observer will hoar the maximum of loudness at 
every internal of one second Similarly, a minimutn of |(>udn('ss will bo 
heard at an interval of one second. As wc may consider a single 
boat to occupy the interval between two consecutive maxima or 
minima, the beat pioduced in the above case is one in each second. It 
is evident, thercfor(‘, that when two sounds of nearly the same 
vibration frequencies are hoard together, the number of beats per 
second is equal to the difference of the frequencies of the two vibrat¬ 
ing sources. Thus, if and //g {n-f) n^) be tlie frequencies of tlie two 
sources, then the number of beats per second is equal to (ui—ri 2 ). 
Thus, the number of beats heard per second is numerically equal 
to the difference in frequencies of the two sounds. 

4$^ (a). Number of Beats heard per Second is equal to 
the Difference between the two Frequencies :— 

Let the smaller of the two frequencies be n \ and the other greater 
than it by n. Assuming that they start with the same phase, displace¬ 
ments produced by the two wave-systems at a point at some instant 
of time f will be given by, 

Vi —a sin 27r nif, and y 2 = b sin 2n[ni'¥n)t, 

By the principle of superposition, the resultant displacement will 
be given by, 

y^yi+Vu’^a sin 27Tnit+b sin 2?r(»i 
=sia 27rn\i{b cos 2nni'¥a)+b cos 27init. sin 27rni. 

This equation represents a wave-equation which may be condensed 
into the form sin {27r«i i+»»), where F is its amplitude and "t, the 
epoch. The values of F and «t can be found by comparing the two 
equations and equating the coefficients of sin 2nnit and cos 2w«i#. 
That is, 

F COB <—6 cos 2'nni+a, and F sin <—b sin 2nnt, 
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By squaring both sides and adding, 

27rrt/-W>2 cos® 27rrti+2afe cos 2zr/zi+«»® 
*»a®+^®+2rt/^ cos 27tnt (1) 

, Also, ton <= , * ... ( 2 ) 

* 6 COS 27r/</-l”^ 


It is evident from (1) that the amplitude o£ the resultant wave varies 
with time. It assumes maximum and minimum values as follows— 
when <= 0 , cos 2 n'rti~l, F=a-¥b (maximum); 


4 


when t — 
when i — 


1 

2n 


, cos 2‘JTnt=^ — 1 , F—a-^h (ininimum) ; 


^ , cos uTTni—l, F^a+b (maximum). 
n 


Thus, in an interv&l of ^ second, two maxima and an intermediate 

n 

minimum take place. Similarly, it can be shown that between two 

'-minimum sounds ,41 maximum occurs iu a period of ^ sec. So the 

• 

number of beats (two successive' maxima or two sncccf-^ive minima 
produce on« beating efi'ect) per see. is = /t==thc diflbrem 0 of the 
frequencies. 


46. Tuning Instruments: —It should be remembe) ed that beats 
can be heard only when the frequencies of thcnotc.s m'C nearly equal 
to each other ; if their difference is greater tlian 15 or IG, ceparato 
beats cannot be heard and a discordant unpleasant noise is the result. 

' It is for the above reason that musical instruments are tuned by 
means of ‘beats'. If beats arc heard between the first ov<'viono {I'ide 
Ch. VII) of a lower note and its octave, say in the case of a piano or 
organ, it is a sure test that the instnunent needs tuning. Beats are 
not heard when die frequencies of the two sounds are exactly equal. 

47. Determination of the Frequency of a Fork by the 
Method of Beats i —Two forks having nearly the samo frequency 
are mounted on .sounding boxes aijjd sounded together. The number 
of boats in any time is counted by moan^ of a stop watch, pd, from 
this, the number of beats per second i^^ determined, which is equal to 
the difference of the frequencies of the forks. By knowing the 
vibration frequency of one of them, that of the other can be deter¬ 
mined. To know whether the frequency of the given fork will be 
higher or lower than that of the other, one of the prongs of the given 
fork is loaded with a little war, and the number of beats per second 
is again determined. The frequency of the fork is diminished by 
loading its prong. Hence, if the number of beats per second obtained 
after loading the fork is greater than the number obtained before, 
the frequency of the given fork must be less than that of the known 
fork; if the number bo less, then the frequency of the unknown 
fork is greater than that of ^e known fork. 
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N.B —The frequency of a fork is increased by filing it. 

The uses of beats are in (a) findmg freqmncy ; (6) tuning 
instruments. 

Examples Two tuning.forkt A and B. thefroquoncy of B being 612 are 

eotmaed together and it ui found that 6 beate per eeoond are heatd. A u then 'filed 
and w %* found diat 5 beate aoour at shorter intervale. P%nd the frequency of A. 

(AU. 1916 ; 0. U. 1936) 

Sbce .4 is filed, its period is diminished, and its frequency is increased ; 

because beats occur at shorter intervals, i e. the number of beats 'ncreascs 
by increasing the frequency of A. it is cleat that the frequency of A is greater 
than that of A ■* .r 

If ni and n, be the frequencies of A and B respectively, we have 
»i-n,a5; or, ni-512«.5! ni=*512-f-5=5l7. 

1 Sj 

(2) The interval between two tonee ie and the higher tone makes 6i vibrations 

Id 

per second. Calculate the numfjer of beats occurring per second between the tones. 

The interval is the ratio oi the two frequencies (vide Art. 56). Let the 
frequency of the first fee n, then we have, 

XS ft 

i6~64’ * ■ • • Tbe number of beatB=(64 —60)*4 per sec. 

(3) J fork of unknown frequency when sounded with one of frequency 288 
gives 4 beats per sec , and when loaded with a piece of wtre again gtves 4 beats per 
see. Bow do you account for this and what was the unknown Jrequency f (Pat 1945\ 

The experiment shows that the unknown frequency » in the beginning was 
highec by 4. and alter loading the fork with a piece of wire the frequency n' was 
lower by 4, *a, it became (288 —4)s»284. So the unknown frequency 
nss 288+4 » 292. 

48. The Conditions for Interference of Two Sounds :— 

(1) The component waves must have the same frequency and 
amplitude. 

(2) The type of the two waves should be preferably similar. 

(3) The displacements caused by them must be in the same line. 

49. Experimental Demonstration of Acoustical inter¬ 
ference : —^Two separate sources producing waves satisfying the 
conditions for interference cannot be realised in practice. That is why, 
in practice, the waves from a single source are divided at a point and 
made to reunite again at some other region after travelling paths of 

different lengths. Quinke 
based his arrange¬ 
ment on this principle, 
and his apparatus con- 
•'S V'O sisted of a mouth piece 
A connected to the two 
y ^ limbs, B and C which 
combine again into one 
tube EF against which 
Fig. 24 the ear is placed (Fig. 24). 

D is a sliding tube, by 
“drawing which in or out the length of the path ACDE can be suitably 
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altered. A vibrating tuning-fork T is held at A and the resulting 
fcOttiid at F is heard. When the sliding tube is at JD, the paths ABE 
^nd 4 C?D fixate equal so that the two waves passing through them 
meet in the same phase at* F and produce a maximum sound. The 
path A CDF is then increased by drawing out the sliding tube D until 
a position Dx is obtained when a minimum sound is produced. The 
difference in path between ACDEBXidiAGDiFj is half the wave-length. 
By further drawing out the tube D from Di to Hj, again a maximum 
sound is obtained, the shift so made being equal to half the wave-length 
again. Thus the full wave-leugth of the souud used is obtained. 

SO. Progressive and Stationary Waves : 

Progressive Waves —Tn a progressive ware a particular state of 
^motion is continuously transferred forward from one part of the 
medium to the next by similar movements performed one after 
another by the consecutive particles, and so the particles pass through 
the same cycle of Inovements when the wave advances forward. 

Thus, though the motions of the particles are otherwise similar (as 
the distance from the source of disturbance increases, the amplitude 
“Df motion, will hqwever, decrease), the phases of the particles change 
continuously Srom one to the next along the direction of propagation 
of the wave. 

An ordinary sound-wave in air is an example of longitudinal 
progressive wave and an ordinary water-wave is a transverse pro¬ 
gressive wave. 

Stationary Waves .—When two sets of progressive waves, having 
the same amplitude and period, but travelling in opposite-directions 
with the same velocity meet each other in a confined space, the result 
of their superposition is a set of waves, which only expand and shrink 
but do npt proceed in either direction. These ^ves are called 
stationary IV wes. They are so called because they remain confined 
in the region in which they are produced and are non-progressive in 
character. Moreover, the nature of vibration at each position along 
such a wave is fixed. 

Stationary vibrations may be longitudinal as well as transverse 
in character. In the case of an 'organ pipe the longitudinal waves 
travelling from one end of it get reflected from the other end and 
travel back. These direct and reflected waves, identical in character 
'but opposite in direction of travel, have also the same velocity and 
so they produce longitudinal stationary waves within the organ 
pipe. When a string stretched on a sonometer between two bridges 
18 plucked, the transverse vibrations travel along the string and being 
reflected from the bridges travel in the opposite direction with the 
same velocity {nde Art 61). The direct and the reflected disturb¬ 
ances are identical in character, but travelling in opposite directions 
produce stationary vibrations transverse in character which remain 
'Confined wltiiln the string. 

36 
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Unlike in a progressive wave, here the particles in the confined 
space lying along a line do not successively pass through similar 
movement, but each particle vibrates in a.simple harmonic manner 
with an amplitude which is fixea for it. The amplitude is minimum 
at equidistant fixed positions along the confined space,*.*?, the particles 
at such positions are permanently almost at rest. Such positions are 
called nodes. From one node to the next, the amplitude of vibration 
of the successive particles gradually increases to a maximum (double 
of the maximum for each constituent wave) midway between j;he two 
nodes, and llien decreases to a minimum at the next node, but the 
particles between the two consecutive nodes are always vibrated in the 
same phase. The positions of maximum amplitude arc called the 
antinodes. If the displacement is positive in the region between two * 
consecutive nodes, the displacement is negative in the region between 
tho next two nodes, *. e the particles between two consecutive nodes 
difier in phase by 180° from the phase of the particles between tho 
next two consecutive nodes. The positions of the nodes and antinodes 
are fixed and the features arc invariable. The distance between 
two consecutive nodes (or between two consecutive antinodes) is equaL 
io half the wave-length of either of the two superpobinj^ waves. 


Graphical Representation of Stationary Waves :— 

In Fig. 25 is shown graphically the addition of two identical 
transverse simple harmonic progressive waves travelling in opposite 

directions. The full curve represents 
the resultant wave obtained by adding 
the ordinates, t.e. the displacements of 
the two dotted curves. The second dia¬ 
gram in the figure shows the two waves 
and their resultant, at a tirao ^ T later 
than the first; that is, each wave has 
advanced one-eighth of a wave-length 
(^), one to the right aud tho other iX 
to the left. The third diagram shows the 
waves jfT later than the second, f.e. IT 
latertjian tlie firstaud oiu^ of the dotted 
curves has moved gX to the right farther 
than the preceding one and the other JX 
to the left farther than the preceding 
one. The dotted curves exactly neutra¬ 
lize one another and the resulting distur¬ 
bance is represented by a straight line. 
Similarly, the fourth and the fifth dia¬ 
grams represent the waves and their re- 




Fig. 25—The Formation of 
Stationary Waves. 


sultents respectively after times IT and IT. By taking times 4T, |T,etc. 
it will be seen that the same changes are produced in tiie reverse order. 

Note that the points of the full curves marked IV through which 
dotted vertical lines pass are always at rest, These points are the 
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nodes. The points midway between the nodes are the antinodes 
or loops. These are points of maximum disturbance. The resultant 
disturbance simply shows* a change of form from instant to instant as 
given by the full curve, but there is no forward motion of the wave as 
a whole. Such waves in which the positions of the nodes and anti¬ 
nodes are fixed are stationary waves. 

SI. Progressive and Stationary Waves Compared i — 


Progressive Waves 

(/) All particles of the medium 
Execute periodic motions about 
tlieir mean positions, and have 
identical motions (with the dis¬ 
tance from the sousce increasing, 
the amplitude will, however, de¬ 
crease gradually from one particle 
to the next). 


(**) The wave travels onward 
with a definite velocity. 


(m) The movement of one 
particle begins just a little later 
than its predecessor, or, in other 
words, the phases of the particles 
change continuously from one 
particle to the next. 


Stationary Waves 

(/) All particles of the medi¬ 
um (except at some equidistant 
points) execute periodic motions 
having amplitudes which are 
fixed for them. From a definite 
particle along the line of propa¬ 
gation, the amplitude increases 
gradually from a minimum to a 
maximum at some other definite 
particle and then decreases in the 
same fashion to a minimum again. 
This is repeated throughout. The 
points where the amplitude is 
minimum are called nodes and the 
points (midway between the 
nodes), where the amplitude is 
maximum, are called antinodes. 
The period of motion for the 
particles is the same as that of 
the component waves. 

(??) The wave is not bodily 
transferred from one part of the 
medium to another; and the com¬ 
pressions and rarefactions or the 
’crests and troughs, in the case of 
longitudinal waves or transverse 
waves as the case may be, merely 
appear and disappear without 
progressing in either direction. 

(>m) At any instant all the 
particles in any one segment, i.6. 
between two consecutive nodes 
or antinodes, are in the same 
phase, but the particles in two 
consecutive segments are in oppo¬ 
site phases. 
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(iu) Each particle of the me¬ 
dium ia tom goes through a simi¬ 
lar movomcntj if 41 , similar changw 
of pressure, density, etc. as a com¬ 
plete wave passes through it and 
is restored to its initial condition 
after each periodic time. 

(v) In a -complete vibration 
there is no instant when all the 
particles are stationary. 


(iv) The particles at nodes 
undergo maximum change of pres¬ 
sure and density while those at 
antioodes undergo minimum 
change of pressure and density 
throughout a periodic motion. 

(y) Twice in each complete 
vibration all the particles are at 
rest at the same moment (vide 
line 3, Pig. 25). 


S2. Hermann Helmholtz {1821-1894) : —A German^, 

Physicist and Physiologist of very outstanding calibre. He made 
extensive researches on light, sound and electricity. He was son of a 
school teacher in Potsdam and began his life «as an army doctor 
after studying Medicine in Friedrich Wilhelm Institute in Berlin. In 
l&iS he joined the University of Konigsberg as Professor of 
Physiology. He here invented the Ophthalmoscope for examination 
of the retina of the eye. After successively serving at Bonn (1855T’ 
and Heidelberg (1858) as Professor of Anatomy and Physiology he was 
then called to Berlin as the first Professor of Physics. In 1888 ho be¬ 
came president of the newly‘founded PhysikalischTechnische Reiohsan 
atalt (corresponding to the English National Physical Laboratory). 

He had a wide ranging capability for different domains o£ know¬ 
ledge and a rare aptitude for Mathematics. Two of his earlier works, 
Physiological Optics and Theory of Sound, made him a popular 
scientist in his time. Some Laboratory instruments such as Helm¬ 
holtz Coil Galvanometer, Helmholtz Resonators, etc, still bear' 
his name. His most outstanding contribution to Physics, however, 
lies in his explanation of the quality of musical sounds. He has 
shown that the quality of musical sounds depends wholly on the 
number, order of succession and the relative intensities of the 
overtones present and is independent of their phase relationships. He 
also investigated on the physiological effects of overtones and found 
that a note which possesses the first few overtones only, not exceeding 
that sixtii, besides the fundamental, has a pleasing effect on the ear, 
while notes containing more overtones are genertdly dicordant. 


Questions 

1. (a) Explain clearly the difference between forced vibration and reso¬ 
nance. Give mechanical and acoustical ilhietrations, 

(«/. C. U. 1909 ; Bomb. 1952, ’55 ; Pat. 1951) 
(t) Write notes on ‘Forced vibrations.’ (Utkal, 1953 ; Pat. 1947, ’52) 

2. Describe experiments to illustrate the principle of forced and free 
vibrations and give illustrations in case of sound. 

(Pat. 1931: B. U. 19^5; Poo. tT. 1952; East Punjab. 1933) 

3. Explain the principle of resonance. (Del H. S. 1948, *50. ’52; 

Gui. tr. 1953 1 Esjpntana. mZ ; Utkal, 1953 ; All. 1925. ’29, ’45 ; Pat. 1929, ’30 ; 
O. U.-1929) 
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A Explain why, when the handle of a vibnatinfr tuning>fotrk is pressed 
against a wooden board, the intensity of sound is greatly increased. 

(C. U. 1915 ; <jf. 1920, *31, *47) 

5. Exolain what you mean by ‘resonance’ and ‘resonator’. 

• (Pat. J»29 ; ef. ’31, ’33; All 1918; G. U. 1949) 

’ ‘ the 


6. Explain how resonators are used for the anal; sis of sound. 

7. What are ‘beats’ ? ^ 


(Pat. 1947) 


How are they produced 7 If two tuning-forks sounded together produce 
beats, how would you determine which was of the higher pitch 7 

(All. 1925. ‘32. ‘44 ; Dac. 1930 j ef. Pat. 1932, ’40, ’41. ‘45; ef. C. U. 1933, ’39) 

8. What are ‘beats’ ? How are they produced ? Illustrate your answer 
bv suitable diagrams and mention some uses of beats. 

(Dac. 1951; Utkal, 1951) 

9. How has the phenomenon of beats been used to determine the 

unknown frequency ol a tuning.fork ? Explain. (A. B. 1952) 

10. A standard fork A has a frequency of 256 vibrations and when a fork 

B is sounded with A there are four beats per second. What further obser* 
vation is required for determining the frequency of B ? {0. U. 1933) 

[Ana.: The fifbquency is either 260 or 252. To know exactly the fre¬ 
quency of B, we should know whether the frequency of A is greater or less 
than that of B ] 


11. A luninir fork originally m unison with another tuning fork of 

frequency 256 produces 4 oeats per sec. when a little.wax is attached to it. 
What is its Intquency now ? (Pat. 1952) 

[Ana. j 252] 

12. Calculate tlie velocity of sound in a gas in which two waves of length 
1 and I'Ol metres produce 10 beats in 3 seconds 

(L). P. JB. 1954 ; Rajputana, 1949) 

[Ana.: 336*67 metres/sec.] 

13. A set of 24 tuning forks is arranged in a series of increasing frequen¬ 

cies. If each fork gives 4 beats wuth the preceding one and the last fork is 
found to be the octavo of the first, calculate the frequencies of the first and 
the last folk. (Bomb. 1954) 

[Ana. 92 ; 184] 

14 You are provided with two tuning-forks of nearly equal frequencies. 
Explain how you would proceed to find out which of the two has the greater 
frequency. (Pat. 1941; jR. U. 1952) 


15. Explain the phenomenon of ‘beats’ in sound. How will you prove 
that the number of beats produced by two sounding bodies is < qual to the 
difterence of their frequencies ? (R. U. 1952) 


16 Distinguish between a progressive and a stationary wave, giving an 
example of each and illustrating your answer by diagrams. 

(Q U. 1953; U P. B. 1950 ; C. U. 1933, ‘55; ef Pat. 1931, ’35. ’52; All. 1931. 

39 * 

17. What are beats and stationary vibrations ? Explain by ctmposition 
of vibrations the production of beats and stationary vibrations. 

(Pat. 1937) 

18. What are stationary waves ? (C. U. 1947) 

19. Explain the terms, ‘nodes’ and ‘antinodes’; ‘forced vibration* and 

‘resonance*. (G. U. 1949 ; C. U. 1950; Pat. 1949) 


20. Distinguish clearly between ‘node* and ‘antinode*. 

(Utkal. 1952; Del. H. 8.1949 ; Pat. 1943, ’50) 

21. Write a note on stationary undulations. 

(Guj. U. 1952, *55; Bomb. 1950; Dac. 1942; Benares. 1953) 
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22. What nodes apd antuiodes ? How will you demonstrate their ^ 
existence r What will be the effect on the distance between successive 
antmodes m a column of a gas by increaemg its temp, and pressure ? 

(Del. XJ. 1939; Pat. 1929; C. tJ. 1950) 


CHAPTER VI 

MUSICAL. SOUND ; MUSICAL SCALE : DOPPLER 

EFFECT 

^ Sound and Noise : —iSound may be divided 

into two classes (/) Musical Sound, and (ii) Notae. 

A wusiiiaLjimLnd is a continuous pleasing sound wbicli is produced 
by regular and periodic vibrations ; sounds produced by a tuning- 
fork, a violin or a piano are all musical sounds. 

Noise is a general term including all sounds other than musical 
.soundi It is discordant and unpleasant to the ear. 

The essmitial difference between a musical sound and a noise, 
generally speaking, lies in the fact that in the former case the 
vibrations are regular and ’periodic', while in the casic of a noise, 
the vibrations are irregular and non-penodic in character. It is 
however, difficult to draw up a clear line of demarcation between a 
musical sound and a noise ; for, in practice, musicid sounds too 
are seldom free from irregularities of vibration ; while on the other 
hand, in noises sometimes there is also regular periodicity of the 
motion. Sometimes noise is accompanied by musical vibrations 
as in the clang of a bell. Moreover the difference is only subjective. 
The same sounds may appear to be musical or noisy to different 
persons and under different conditions. Therefore, the difference is 
more artificial than real. 

54. Characteristics of Musical Sound: —^Musical sounds 
may bo said to differ from one another in the following three 
particulars;— 

(1) Intensity or Loudness ; (2) Pitch ; (3) Quality or Timbre. 

(1) Intensity. —is the measCiro of loudness or volume of a 
note. It is an objective consideration and depends on the energy 
contained per unit volume of the medium through which sound waves 
pass. It may also be measured by the energy which passes per unit 
area placed normal to the direction of propagation of the sound. It 
is a characteristic of all sounds whether musical or not. 

Loudness depends upon the square of the amplitude or the 
esideni of vibration of the sounding body. When the body vibrates 
with greater amplitude, it sends forth a greater amount of energy to 
the surrounding medium, and, hence, energy received by the drum of 
the ear is also greater. So tfie sound becomes loader. 
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The energy e of a body of mass m vibrating with velocity v and 
amplitude a is given by, 

(vide Art 12); 

Therefore, the loudnefts of a note^ which depends upon the energy 
of the vibration, is proportional to the square of the amplitude of 
the mbraiion. 

J[k) The loudness of a sound is inversely proportional to the 
square of 1 he df'fiance oi ike observer from the source of the sound 
(Inverse Square Law). 

Thus, the energy received by the observer at a distance of 2 
-fjneters from the source is only one-fourth of the energy which 
the observer would receive when at a distance of 1 metre from 
the source, 

[Buppose it is required to compare the intensities of the sound 
at two points A and /J, distant ry andra from a source of sound from 
which the toti1 sound energy emanating per second unifoimly all 
^iround is E. Draw two spheres with the source as centre with 
radii r\ and r^ A'spectively. The amount of energy flowing per 
second per unit area at A normal to the surface of the sphere = 

=intensity at A — Elinri^. 

Similarly, the intensity at That is, the 

intensity at a point is inversely proportional to the square of the 
distance.] 

The loudness of a sound depends upon the density of the 
f/iedium in which the sound is produced. It is seen that the greater 
the density«of the medium, the greater is the loudness of the sound 
heard. 

It is seen that some effort is to be -made to make oneself heard by 
another in aeroplanes or balloons when flying high up from the 
surface of the earth as the density of air therein is small. For the 
same reason the sound is more intense in carbon dioxide than 
in air. , 

^Aiv) The loudness of a sound depends upon the sjxe of the 
pibrating body 

If the size be lai^er, then a larger volume of the medium is put 
into vibration, and greater amount of energy will pass per unit area. 
So the sound heard will be louder. 

^}) The loudness* of a sound is increased by the presence of reso¬ 
nant bodies. 

The sound of a tuning-fork, or a vibrating string in air, is much 
intensified when placed on a sounding-box which undergoes forced 
vibration. 
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(2) Fitch —Hie pitch, of a note is that physical catise which- 
enables ns to ^istingnish a shrill (acute or sharp) sound from a dull 
(flat or grave) sound of the S|me intensity sounded on the same 
musical instrument. It depends on the frequency of vibration of the 
emitted sound. The higher the frequency the more shrill is the sound 
and we say that the sound rises in pitch. As pitch is directly propor¬ 
tional to frequency, it is customary to express the pitch of a note by 
its frequency. 

The pitch is a fundamental property of a musical sound and a 
noise has no definite pitch. 

{3) Quality or Timbre .—^The quality or timbre is that charac¬ 
teristic of a musical note which enables us to distinguish a note 
sounded on one musical instrument from a note of the same pitch 
and loudness sounded on another instrument. 

A musical note consists of a mixture of several simple tones ; of 
these the one having the lowest frequency, called the fundamental, is 
relatively the most intense. Its frequency determines the pitch of 
the note. Notes of the mme pitch and loudmssh sounded oniwtT' 
different musical instruments differ in quality from caih other 
omng to the difference in the number of other tores {or overtones) 
besides the fundamental^ their order of sucas&ion, and their relative 
intensities. Any difference in respect of these factors introduces a 
difference in the wave-form of a sound. So simply it may bo said 
that the quality of two sounds will differ if their wave-forms differ 

{vide Fig. 26). Now even if two sounds 
are similar in respect of these factors, a 
change in their wave-form occurs, if the ' 
phase-relations between the overtones 
present in the two sounds are different, 
flelmholtz found experimentally that 
when any change in wave-form is due 
to difference in tlie phase-relationships 
of the overtones, the quality of the two 
sounds do not differ. That is, quality 
will differ when the wave form differs 
only on account of difference in respect 
of the number of overtones, order of 
their succession, and their relative intensities. Helmholtz investiga¬ 
ted on the physiological effects of overtones also. He found that a 
note possessing the fundamental and the first few overtones not 
exceeding the sixth is very pleasing to the ear, while a note in which 
the fundamental has mixed up in it more overtones than the sixdi 
and which are relatively more intense, produces a metallic and harsh, 
effect. 

Since the cmnlity of a^note depends on the number of overtones, 
their order and their relative intensities, two notes, similar in pitch 


tuning fork 

Violin 

€ tar Inst 
Fig. 26. 
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and loudness, but differing in quality, mW have different Wav^ 
forma, though the wave-length and amplitude of their fundamentals- 
may be the same, and so their pitch and loudness are abo the same. 

55. Determination of Pitch : —^The pitch of a musical note 
is determined by the frequency of vibration of the source of the note. 
Determination of frequency may be made by the following methods— 

(t) Savart^s Toothed Wheel. —This consists of four toothed 
wheels of equal diameter mounted concentrically on a spindle 
fitted to a whirling table 
(Fig. 27). The number of 
teeiii on each wheel con¬ 
forms to a certain ratio,e g. 

20,30,36,48. 

A thin metal plate or a 
card-board C is clamped 
in front of the wheel so 
that it lightV presses 
against the 4.eeth of one of 
the wheels W wh(‘n it is 
in motion, and a sound 
formed by a fecrics of taps 
is heard. On increasing 
the speed of rotation, a 
musical sound is produced, 
the pitch of which depends Fig. 27--'^avart’B Toothed Wheel (TF) 

on (o) the number of tops Sccbeck’s Siren {D). 

made in a given hmcy and (/>) the speed of rotation. 

To determine the pitch of a note^ the speed of rotation of the 
wheel is gradually altered while the card is lightly pressed against 
a particular wheel until the note emitted by the wheel is in unison {vide 
Art 5) with the given note. Now, if m be the number of teeth in the 
wheel used, and n the number of revolutions per second,the frequency 
N of the note b given by, A'== number-of taps made per sec,~7w Xn. 

(2) Seebeck*8 Siren, —Seebeckb Siren or Puff Siren consists of 
1 circular metal disc Z){Fig.27)through which a number of equidbtant 
small holes have been drilled along concentric circles of varying 
diameter. The disc is mounted on a whirling table. A stream of air 
blown through a narrow tube ending in a nozzle, by means of foot- 
bellows, is directed to pass through the holes in one of the rings. As 
the disc rotates, the st^am of air through the tube b alternately 
stopped and allowed to pass through the holes, producing a series of 
puffs at regular intervak. To determine the pitch of a note, the rota¬ 
tion of the siren is adjusted until the note produced by the siren is 
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exactly in iinuon ^th. the ^ven note. NoWiifwbe the number of 
holes in the ring used, and n the number of revolutions per sec. made 
by the whirling table, the frequency N of the given note is given by, 
JV~ number of pujBPs made per sec. j® m X w. 

Note .—^The highest frequency up to which a note is audible varies 
from 20,000 to 30,000 per second and the lowest is about 20 per 
second. 

Ezample.^-TAe diao of a airan ia making 10 revoluliona per aecond. Bmv manp 
Mea muat it poa$eaa"in order that it may produce four beata per aecond with a 
tuning fork of frequency 484 ? Which ha* ike gret^er frequency, the aired or the 
fork t 

The number of beats i>er second'is numerically equal to the difference of 
frequencies of the two notes. Hence the note emitted by the siren must have 
a frequency of (484+4)*=488 ; or (484—4) =480, 

The frequency of the note emitted, bv the siren, Ji^s=no. of holes in the 
siren Xno. of revolutions per second. N *sno. of holes x 10. 

As the number of holes must be a whole number, N nfust be a multiple 
of 10. So the value 488, which is not a multiple of 10, cannot be accepted* 
Hence, iVss!480 

480=!no. holes X10; The number of hole8=^y —Evidently 

the fork has the greater frequency. • 



(3) Cagnaird de la Tour^s • 
Siren .—This is a much improved form 
of siren by which the pitch of a note 
can be fairly and accurately determined. 
In this siren (Fig.28) a eurrent of air 
is blown through a pipe into a wind- 
(‘host A, from which it issues through a 
ring of equidistant holes cut in the 
circular top of the wind-chest. Another 
disc having holes exactly corresponding 
with the holes in the top of the box 
is supported on the top of the wind- 
chest, and very close to it, in such a 
way that it can rotate freely about a 
vertical hxis. The two sets of holes 
are drilled so as to slant in opposite 
directions, as shown in Fig. 28, so that 
the pressure of the air at the time of 
escaping through the holes causes the 
upper disc to rotate, the number of 
rotations being counted by a speed- 
counter 8 geared to the of the 
disc. 


Fig. 28—Cttgnatrd de la Every time the holes in the two 

Tour's Siren. TOWS coincide at the time of rotation of 

the upper disc, a jet of air escapes from each hole in the upper disc 
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^ and, if tiier© are tn holes in each of the disc^, there will be w* puffs 
for one revolution of the disc. Of course, each puff wiU consist 
of m separate jets, but, as they take place simultaneously, they ^ are 
regarded as a single pufi^^ Now, if H be the number of revolutions 
of the disc per second, the frequency {N) of the note emitted is equal 

to m X «. 

r4) Rcsoitonce of Air Column. —In the relation, in 

Art. 75, if y and I are known, the frequency n can be determined. 

(5)* Method of Beats. —^The frequency can also be determined 
by the method of beats, as explained in Art 47. 

C6) Sonometer.—\^y tuning a vibrating string on a sonometer 
^ to unison with a given note, the frequency of the note can be deter¬ 
mined by the formula, given below, if the tension T, and vi, the mass 
I)cr unit length of the vibrating siring, are known— 

n-hJ Art. 68) 

rjfYi 


• (7) Direct,or Graphical Method: {DahameVs Vibro^ 

scope).—The^reqnency of a vibrating fork can be determined by 
the graphical nu‘ihod. A sheet of smoked paper is wrapped round a 
cylindrical drum which can be rotated uniformly by means of a handle 
attached to it (Fig. 26). .4 thin metal style is attachedJ:o one prong of 
the tuning-fork which is so arranged 
that it can vibrate parallel to the axis 
of the drum and the style just touches 
the smoked paper. As the drum is 
rotated, the stylo will trace a wave 
line on the paper. If at the time of 
the vibratidn of the fork, two points 
can be marked on the wave line on 
the smoked paper at an interval of 
half-a-second, or one second, the fre- 
qticncy of the fork can be deter- 
mined by actually counting the number 
between the points. • 



Fig. 29—Toe Duhamers 
Vibroscope. 

of complete vibrations 


In order that the amplitude of the waves traced out by the style 
may not decrease owing to effects of friction, in actual practice the 
fork is excited and its vibrations are maintained electromagneticmly. 
The tracing time is recorded by means of an electric pendulum which 
is so arranged as to produce a spark at the expiry of a rated interval. 
Corresponding to successive sparks, spots arc made by the end of the 
style on the wavy line tr.accd on the smoked paper. The number of 
vibrations made by the fork in the rated interval (and hence the 
frequency of the fork) is given by the number of complete waves 
found between any two consecutive spots. 
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(B) Falling Plate Method, —In this eiptan airangement is 
feo made that a plate may fall freely under gravity, A glass plate P 

^ blackened preferably by camphor- 
smoke is suspended vertically by 
means of a thread from two books 
fixed on a vertical piece of wood By 
as shown in Fig. 30 (o). A tuning- 
fork F to one prong of which a 
very light stylo S is fixed is clam¬ 
ped in front of the plate in such a 
way that the stylo just touches the 
smoked plate during the fall. The 
fork is set into vibration by strik- v 
ing it with a violin bow and then 
the plate is released by burning 
the thread between the hooks. As 
the plate falls under gravity, the 
style draws a wave-trace [Fig- 30' 
(i)] of steadily increasing wave¬ 
length upon the suioked glass. 

^ Ignoring wav(‘8 at the beginning which are very crowded (and not 
suitable for counting), choose two lengths AB and BC haiinq the 
same nvmber of complete waves. 

the velocity of the plate at the point A =«, and the time 
required by the plate to fall through the distance AP or BC~t. 
CaAing AB^l\ and BC=lp we have li = ui+\gt^. The velocity at B 
being (u-¥gi\ we have l 2 ~(u-¥gt)i+igt^ ; 



(a) (b) 

Fig. 30—The Falling Plate Method 


; or, 


( 1 ) 


If w be the frequency of the fork (P) and m the number of com¬ 
plete waves between AB or PC, we have nt ~ m. 



from (I) 


NrB.—This method has the disadvantage that by attaching the 
style to the prong, frequency of the fork is altered. Ako there 
may be some friction between the plate and the style by which the 
free rate of fall of the plate is affected. 


Example —A tmcUl pointtr, eUUtched to en« of tht prongs of a tuning-fork, 
prt.»tt» agoing a vertical smoked glare jdaio. The fork te set vibtoiing and thsr 
gluee plate i$ allomd to fall If SO waves be counted in the first 10 ems, find the 
frequency of mbration of the fork. (g=^OS0 ems leee^), {Pat, 1943) 

We have, the diatance fallen thxough, but heie ««0, iSkIO t 

.'. 10*; or. ; Ot |sec- 


Aa 30 waves ate counted in 


1 

^ second, we have fxcqueocy, m 


-30 t^* 


- 210 . 




MUSICAL SOUND ; MUSICAL SCALE : DOPPLER EPPEOT 578 


SS. itla«fca?5ca/eWe express the pitch of a note hy the 
number of vibrations per second, but pitch can also be express^ by 
■what is known as the m^ical method. In this method certain sounds 
constitute what we call a musical sOale. This musical scale used for 
many centuries by most of the European countries is called the 
major diatonic scale, which affords the simplest and the most 
pleasing succession of notes in an ascending order of frequency. This 
scale consists of eight notes, the lowest one i.e, the fundamental note, 
is nam^ed do, and others r<3, me, etc. and they arc generally designated 
by the letters G D, E, (?, A, B, C'. The note from which the 
scale starte is called the tonic or key note. 

Interval —The ratio of the frequencies of two notes expresses 
the interval between them. Thus the interval of two notes having 
frequencies 256 and 192 is f §1 —I; 512 and 356 is — f ; and so on. 
It is the interval which is detected by the car. In changing from one 
frequency to another, the change-over is not recognised by iiie car 
if the ratio between them is constant, wliatevor might be the actual 
frequencies concerned. Certain intervals have names ; thus f is 
called the octave ; i the fifth ; ^ the fourth ; | the major third ; 
I the minoy th*lrd. 

Any two intervals arc added together by taking the product of 
their frequency ratios For example, major third and minor third 
= f X f = I = fifth. Again, fifth and fourth X J = octave. 

57. Some Acoustical Terms : —When the two notes have the 
same frequency, i.e. their interval is 1, they are said to be in unison. 
Two notes, when sounded together, are said to be in concord or con¬ 
sonance when they give a pleasing sensation to the ear. This 
happens when the interval between them is a simple ratio such as, 2 
to 1, 3 to 2, etc. Blit, if the ratio is complex, such ti-' 9 to 8,16 to 8, 
etc. the^ produce an unpleasant or harsh effect and they are said to 
be in discord or dissonance. 

According to Helmholtz the cause of dissonance is the production 
of beats by the interference of the notes. The beats produce a jerking 
■effect on the ear-drum and are discordant, just as flickering of light 
is disagreeable to the eye. 

The pleasing effect produced by sounding two notes, which are 
in ooDcord, one after another, is called melody ; and when they are 
produced simultaneously, the pleasing effect is called harmony. When 
three notes of frequencies in ratios 4:5:6 arc sounded together, 
they form a concordant combination which is called a musical triad 
0: E: 0)f and, if a triad is sounded with an additional note 
which is the ocmve of the lowest note of the triad, the combination 
is known as a chord. When one musical instrument alone, sudi as a 
violin or a flute, is played upon, the performance is called a solo. 

Octime.—*One note is an octave (Gk. okto, eight) higher than 
another, when their interval is 2 :1. These notes when played 
together produce the most pleasing combination in the musical scale. 
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The names and the relations between the notes of an Octave are- 
given as follows— 


Name (Western system) Dc 

re 

me 

fa 

1 

sol 

la 

te 

do 

„ (Indian „ ) Sa 

re 

Sa 

ma 

pa 

dha 

ni 

sa 

Symbol ... C 

D 

1 E 

F 

G 

A 

B 

C' 

Actual Frequency ... 256 

288 

320 

341-3 

384 

426 7 

480 

512 

Relative Frequency ... 24 

27 

30 

32 

36 

40 ’ 

1 

45 

48 

Interval between 1 . 

C and each note j ^ 

9 

5 

4 

3 

“ ! 

15 


8 

4 , 

1 

1 

3 

2 

3 ' 
1 

8 

2 

Interval between each 1 ' 

note and its piedecessor j ^ 

9 

1 

10 1 

16 

9 

;ot 

9 

16 

8 

9 

15 

8 

9 t 

1 

8 

15 


Intervals and their special names 


1; 1 Unison 

4; 3 Fourth 

16: 15 Semitone (or limma) 

3: 2 Fifth 

10 : 9 Minor tone 

5 : 3 Major sixth 

9 : 8 Major tone 

8: 5 Minor sixth 

6! 5 Minor thud 

15: 8 Seventh 

5; 4 Major thud 

2: 1 Octave 


It will be noticed that there are five black keys inserted between 
all the consecutive notes except the 3rd and 4th, and 7th and 8th. 
The first of these is named C tharp^ second D sharp, third F flat, 
fourth Q flat, and fifth A flat. . 

N.B.—^Tho intervals in the Major diatonic scale are a major 
tone, minor tone or semi-tone. As there are three major tones {D ; C, 
0 : F, and B : A), tho major diatonic scale is so called. 

Example.— Taking th» frtqutney of nibratitm of C to 6a 266, find the note 
vfhteh makes 320 pihrations per see. 

Let » be the vibration ratio or the interval between the two notes, them 

256x»=«320; A 5 

256 4 

^ is the interval between the notes IB and 0; hence the required note is B. 

58, Tempered ^ale :~Modern music requires frequent 
change of the tome. For such changes to be possible in the Major 
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Diatonic Scale, a very large number of keys has to be employed and 
this will make the instrument unmanageable. The problem with the 
diatonic scale was, therefore, how to maintain flexibility of the scale 
without undue complication being necessary. The solution was 
the tempered scale in which, besides the usual eight keys, five 
additional intermediate keys have been introduced, and the inter¬ 
mediate keys have been slightly altered in frequencies to make all 
successive intervals equal Thus, to a very large extent, change of 
tonic (modulation of scale) has been made possible and, at the 
same time, the simplicity of the instrument has been retained. 

59. Doppler Effect ;—It will be noticed that the pitch of the 
whistle of a train appears to rise when the train approaches the hearer 
and it falls as the engine recedes from him. Similar effect is noticed 
when a motor car passes at a high speed. Such apparent change in 
the pitch of a note as perceived by an observer due to the relative 
motion of the source, the observer or the medium is called the 
Doppler effect after the name of the Austrian Physicist Christian 
Doppler (1803-52). 

Apparent Frequency .—The apparent change in iiitch perceived 
by an observer due to the motion of the source, observer and the 
medium is calculated as follows— 

. . > - - - ., y 

O « O U o o o”** ^ 

SSi MMi OOi fVWi 

Let S and 0 rci)rcsent the positions of the source and the observer 
respectively and the distance SM or OWha equal to the velocity of 
sound ( V) in still air. Suppose that the source, the obe^fver, and the 
medium are all moving in the same direction from left to right. Let 
the velocify of the source ( Fa) be equal to SSu * the distance passed 
over by the source in one second, and similarly the velocity of the 
observer OOi (= Vo) and the velocity of wind, MMy — WWy — w. 

At some instant of time, when the observer is at 0 , lot a wave reach 
him for the first time. After one second, that wave will be at Wu for 
the wave travels a distance OIF in still air and the air-medium moves 
through a distance WWy in that second in that direction. All the 
waves received by the observer in that second are confined between 
0\ TFi, since the position of the first wave of that second is at TFi 
while last w.ave is received by the observer when at Oi. The 
length occupied by the waves, Oi Vo. 

Now turning to the source end, the first wave was sent out by the 
source while at S and the last wave while at 4 S 1 in the particular 
second under consideration. All the waves emitted in that second are 
confined between Si and ilfi, because the first wave reaches ifi in 
that second having travelled over SM in still air and the air-medium 
having moved through JO/j. Thus all the waves sent out by 
the source in that second are contained within the length Si Mi 
SB V+IP- Vs. 
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If n be the peal fpequeaoy of the source, it emits n waves hi one 
second which occupy a lengm V+w-Vs.Ji the apparent frequency 
as perceived by the observer upd^ the ciroutqstanoes as stated above 
be »i, tiien ny waves are conteinea within the length F+io-* V «. 


So, we have, nj: n=* 


Vo 


or, ni = «.x 


V+w- Vo 


F+w-Fs’ ’ ‘ F+w-F«# 

N.B —^The velocity of the source, of the observer, or of the 
medium, will be z>'ro when at rest. Proper signs, positive or negative, 
shall have to bo assigned to them depending on the directions in 
which they move. Hememher, the observer moving away from the 
sourcK' is positive, tho source moving towards the observer is positive 
and the wind moving towards tho observer is positive in the above 
calculations and so opposite directions will bo negative 

Examples — (J) TTAot v* th* app'trent frequency of the sound of a whUUe of 
frequeney 600 from an engtne which u approaching an obeerver at reet at 10 metret 
per SCO, f (Velacftf/ of 90und‘>-332 metre* per see ). 

Here V ^=0, ts*0 and Fj=10 metres per sec 

F 

Apparent frequency, n^^nx „ - ^ 

V + V—‘ r I 

619 (approximately) pet sec. 


^ 3 » 4 - 0 * 

(0) CalcuUite the apparent frequency of the note of a wh>*tle of frequency 1000 
per eee heard from a train which is approaching the station at 41 ft jeec where ike 
whisUe is blown (veiooUy of sound 100 fijeec.). 

Here F, aO, ts*0, and Fo=a—44 ft./sec. 

V4-W- V 

Apparent frequency, 

V r s 


Questions 

1. What are the factors deteiiuining the loudness of a musical note ? 

(East Punjab, 1952, *63) 

2. Distinguish clearly between ‘loudnes and pitch* of musical note. 
• Oft what physical conditions of the soundiftg body do they respectively 

depend ? 

(0. U. 1909. *12, *14. ‘10. ’21; Pat. 1924, *28 ; All. 1924 1 Dac. 1929, *61) 

3. Oft what do loudueSs, pitch and quality of musical sound depend ? 

(C. U. 1931; All. 1926 ; *Dac. 1928, *31; Pat. 1928. *39) 

4. What is the essential feature of a musical note which distinguishes it 
from noise ? 

(Pat. 1948, ’49; Bast Punjab, 1953 j C, U. 1931) 

5. How would you distinguish between (•) mueical sound and noise, and 
(b) one note from another t 

6. Distinguish clearly between ‘musical sound' and ‘noise’. 

(Ana. tJ. I960; Dtkal. 1952) 

7. How will you explain the difference between pitch and loudness of 
eouUd by comparing the roar of a lion and the busmftg of a mosquito ? 

(All. 1927) 
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[Hints. —The buzzing of a mosquito is due to the motion of its wings 
which vibrate several hundred times a second ; so the frequency and 
consequently the pitch of this sound is high ; but as the energy put forth 
is small and ae the loudness depends iq^n this energy the sound is feeble. 
On the other hand, the lion being very strong, energy pub m the roar is 
great and so the sound is of high intensity or loudness, but of low pitch as 
the frequency of vibration of the sound is small.] 

7(a). What is the difference between a noise and a musical note ? How 
do you know that musical notes of different pitches travel with the same 
velocity y 

An under-water microphone is atcached to tbo prow (fore part) and 
anotherto stern (tail-end) of a submarine 110 ft. long. The submarine is 
pointing north. A sound whose frequency is 240 vibrations per sec. 
originates in the water at a point 600 ft. due east of the prow. Show that 
a wave-creit reaches oue microphone at the same matani, as the wave- 
h trough reaches the other. Velocity of sound in water —1800 fb./sec. 

(Bihar, 1954) 

8. How do you ex'plaiii why audible notes from different sources can 
generally be distingiiisheii one from another, even when they have tlie same 
intensity or pitch*? Describe experiments in order to demonstrate the 
correctness of your answer. 

9. What IS meant by ‘musical scale’ ? (All. 194(>) 

10. Trace the sounds coming from a violin, a llute, a harmoniiiui and a 

.piano to their ulymate source. How do these sounds diJFer from one 
another and why ? (Pat. 1932) 

11. Write notes on‘Timbre’, (Pat. 1947) 

12. What do you understand by the pitch of a note ? 

Explain a method of expenmonbally determining the pitch oi the note 
emitted by a given tuning-fork, 

(Del. H. t:^. 1947. ’62; C. U. 1917, ’32 ; Pac. J 92f5. ’47, *48, ‘49 ; All. 1919, ’21. 

■24; Del. 1942, ’47) 

13. Give a brief account of the various methods of doterminiog the 

frequency of a fork and discuss their merits. (All. 1928 ; Pat, 1936) 

14. Describe a siren, giving a diagram and explain how you would use 
it to doterimno the frequency of a givou tuning-fork. 

iC. U. 1921, ’28. ’30. ’40. ’53 ; Pat. 1920, ’21, ’37, ’40 ; Dac, 1927 ; G. 11. 1949) 

15 Thii»disc ot a given 31 reu lias 32 holes. A tuuing-foii. makes 5l2 
vibrations per second. Wliat must be the speed of rotation per minute of 
the siren disc so that the note emitted by the siren may be in unison with 
that emitted by the tuning-fork ? (U. U. 1910 ; G. U, 1949) 

[An*.; 960 per min.] 

16. The disc of a siren is making 10 revolutions per second. How many 

boles must it possess in order that it may be in unison with a tuning-fork 
of frequency 480 7 (Dac. 1932) 

[Atu. : 48] 

17. A cog-wheel containing 64 cogs revolves 240 times per minute. 
What is the frequency of the musical note produced when a card is held 
against the revolving teeth. Find also the wave-length corresponding to 
the note if the velocity of sound is 1126'4 ft. per second. 

[An*.; 256 ; 4-4 ft.] 

18. How would you determine experimentally the absolute value of the 

frequency of a tuning-fork ? Illustrate your answer with a neat sketch of 
the arrangement described. (Pat. 1941) 

19. Give a brief account of the various methods employed in measuring 
the frequency of a tuning-fork and describe one method in detail 

(All. U. 1921; Pat. 1951 s C, U. 1955). 

20. Define musical interval, harmony, melody and chord. Show that 

the interval *a and ga is obtained by multiplying the intervals *o and r« 
and ga, but not by adding them. ( Patna. 1928 ) 

37 
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21. Explain what is meant by the pitch of a note. A note of frequency 
384 IB said to bo a ‘fifth’ higher m pitch than one of 256. What is the 
frequency of the note a ‘filth’ higher than the p84 note, and what is the 
difference in pitch between it and tfte 25G note ‘i* 

[iAna.: 576 ; 320] 

22. A siren having a ring of 200 holes is making 132 revolutions per 
minute. It is found to emit a note which is an octavo lower than that of & 
given luning-tork. Find the frequency of the latter. (C. U, 1944; G. U. 1955) 

[An$,i 880] 


CHAPTER VII 
VIBRATION OF STRINGS 

■4- 

60. Vibration of Strings ;—In sound a string is usually 
understood to mean a wire or a cord of any material, which is 
flexible and uniform in cross-section. These conditions are found 
to be satisfactorily fulfilled by thin metallic wires or catgut. Strings 
may vibrate in two ways ; transversely and longitudinally. A string 
can be vibrated longitudinally by rubbing it along the lengtli with a 
piece of chamois leather covered with resin, of by a piece of wdt 
flannel. It can be vibrated transversely by plucking iPto a side, by 
bowing it with a violin bow, etc. When a stretched string is plucked 
to one side, it tends to return to its original (straight) ])osition of rest. 
But owing to inertia that it possesses, it overshoots tlie mark like th(' 
motion oi a pendulum and goes over to the other side and goes on 
swinging to-und-fro with gradually decreasing amplitudes and after 
sometime it stops. The vibration in this ease is mainly duo to the 
tension in the string, which when the string is deflected, tends to bring 
it back to its initial straight position, hi stringed musical in.stru-'' 
ments, only the transverse vibrations of strings are employed. 

61. Reflection of Waves in Transverse Vibration : —(o) 

Beflection of waves %n a string .—Let a wave travelling along a wire, 
say from left to right, meet a fixed support and let the wave meet the 
support in the form of a crest. The end of the wire will exert a force 
on the support tending to move it in the direction of the force. Then 
according to Newton^s Third Law ef Motion, the support will react 
and exert an equal aud opposite force on the wire which causes a 
rebound, so that the pulse is thrown over the other side of the string 
and starts a reversed pulse travelling back along the string from right 
to left. Thus, in this case reflection takes place at the fixed ends 
with change of type ; a crest is reflected back us a trough and a 
trough is reflected back as crest. It should be noted, however, 
tiiat in the case of water-waves, which are transverse waves, a 
crest meeting a rigid wall is reflected back as a crest and a trough is 
reflected back as a trough like longitudinal sound-waves [vide Art. 
36), and the important dift*erenoe between the reflections of sound 
waves at the close and open ends of a pipe should also be noted 
{vide Ch. ViU). 
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(6) Reflection of Water-wave. —When a water-wave travels along, 
it has both jiotential and kinetic energy. Part of the energy is poten¬ 
tial, because a force must have been, applied to and work done upon, 
the water to raise it above its normal level, and a part is kinetic, 
because the molecules are in motion. When the waves strike a rigid 
wall or a denser medium, the motion of the molecules towards the wall 
is arrested, their kinetic energy is reduced, which is then converted 
into potential energy, thus increasing the amount of potential energy. 
So the average elevation of the water in the crest is increased and 
the water is piled up against the obstniction, which then runs down 
and away from the wall producing a crest like the original wave and 
travelling in the opposite direction. Thus, in the case of a water-wave 
meeting a rigid waII, a is as a crest and similarly a 

if Oiigh IS reflected as a trough. 

62. Stationary Waves in a String :—When a stretched string 
is plucked aside, & wav e will travel along its length with a definite 
velocity. The transverse wave will be propagated to both cud-, and 
will b(i reflected at these points. If a complete wave consisting of a 
,crest and a trougji is sent along a string crest first, it will return 

as trough firsf after reflection at the fixed end. Those reflected waves 
will retui’ii to the centre of the string when they pass ea<’h other, and 
go on to the ends to be onc(‘ more reflected, and so on. These incident 
and reflected waves, travelling to-and-fro along the string in 
opposite din'ction-^ with equal velocities combine to form transverse 
stationary waves a hose positions of nodes and antinodes are fijred 
{vide Art. 50). 

63. The velocity of Transverse Waves along a String :— 

Wh(‘ii a string stnjtcliod under tension, is displaced later*lly, trans¬ 
verse waves are act up in it. ^ 

The waves travel along the 
string with a velocity depen- 
dent on tlie tension and the ' * 

linear density of the string. 

Suppose the string cc stretch¬ 
ed under tension T [Fig. 31j is 
displaced perpendicularly to its 
length so as to make transverse 
vibrations (through plucking, 
bowing or striking), due to 
which, suppose, the summit aEb of the displaced position, is bent 
into the arc of a circle. The transverse wave travelling along the 
string from left to right with velocity V may be imagined to be due 
to the hump also travelling with the same velocity. For the circular 
motion of an element near the summit E of the hump, the necessary 
centripetal force is supplied by the tension at a and b. 

Suppose aE^Eb and 0, the centre of the curvature aEd. Let the 
angle aOjEbe 0. Join Oa and Ob. Draw tangents T at a and b. 
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representing the tension of the string which produced backwards 
meet at P on OK, Suppose the length aEb is S, mass per unit length 
of the string is w, and the radius^of the curvature is R. 

The components of the tensions T at a and b in the direction PO 


(each equal to T sin d) constitute the centripetal force 


m. S. 


R 


on the 


hump, while the components of T at rt. angles to PO cancel each other. 
Therefore, 

jTsin 6—2 T6 (approximately)* 

It/ 

{••• e is very small) =2 Tx 

Jtv JX ^ 


64. 


. . . 

Frequency of Transverse Vibration of Strings .•—The 


velocity of a transverse wave alon^ a stretched string is given by, 

7 = Mg, ... ... ( 1 ) 

\ m ^ m 


where !r= tension of the string expressed in dynes ; w=ma88 in 
grams per unit length of the string ; Jf—mass of load on the string. 

When the string gives out its fundamental, i.e. the note of the 
lowest pitch, the length of the string, / cm.=distance between two 
consecutive nodes ==^/2 {vide Fig. 32). 

From Art. 8, V=7iK=2nl. 


Substituting the value of V in (1), we get 
2nl=J ^ ; or, « = ^ 


or, " . 

Again, if P be the density of the material of the wire aild r be its 
radius, then m^nr^p^ andjso we have from (2), 

(3) 


n 


^1, f T [ T 

2 /'^ nr^P 2rl^ np dl^ np 


where d is the diameter of the wire. 

65. Laws of Transverse Vibration of Strings :—^Prom 
formula (2), we get the foUovring laws for the transverse vibration of 
string. 

(1) Law of length. —The frequency of a note emitted by a 
string varies inversely as the length, the tension remaining constant; 
that is, ?; « 1//, when T and m are constant. 

(2) Law of Temion. —The frequency of a note emitted by a 
string varies directly as the square root of the tension, the length 
being kept constant; that is, w “ jT, when I and m are constant. 

(3) Law of Mass. —The frequency of a note varies inversely as 
the square root of the mass per unit length of the string, the leng& 
and tension remaining constant; that is, w « ll J lUf when / and Tare 
constant 
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Again, from formula (3), the law of mass may be put into two 
additional laws for strings of round section as given below : 

3{«). Law of Diameter, —^The fjequency of the note produced by 
a string varies inversely as the diameter of the string, length and 
density of the material of the string and tension remaining constant; 
that is, n «l/</, when p and T are constant. 

3(6). Law of Density. —^The frequency of the note emitted by a 
string varies inversely as the square root of the density of the mate¬ 
rial of the string, length and diameter of the string and tension remain¬ 
ing constant, that is, n<^ll >s/p, when Z, d and J'are constant. 

66. Experimental Verification of the Laws of Transverse 
Vibration of Strings ;— [By Sonometer )—^The laws of transverse 
^ vibration of strings can be 
verified by means of an instru¬ 
ment, called the sonometer. 

It consists of a hdllow wooden 
box A A,on which one or more 
wires can be stretchcd{Fig.32). 

. Each wire is atti^hcd to a peg 
at one end qnd itasires over Fig. 32— The Sonometer, 

two wedge-shaped liard wood B, Bj, called the bridges and a 
pulley at tlu' other end. The string is kept taut by weights A’attached at 
this end. A third bridge C can be ])laced lu any ])()sition between the 
otlier two in order to set any desired h ngtli oi the string into vibration. 

Law 1. To verify —^To verify the law of length, two 

tuning-fork.s of known frequencies »i and n <2 arc taken. One of the 
forks is made to vibrate, and, altering tlie position of the movable 
bridge r, the length [BC) of the sonometer wire (under a given tension) 
is so adjusted that th(> note emitted by that length of the .vire, when 
plucked ia the middle, is in unison with the note yielded by the fork 
[vide Art. 67). Then the frequency ni oi the fork is equal to the 
frequency of the wire of length l\. Repeating the experiment with the 
other tuning-fork, another length of the wire is similarly determined. 
Let «2 be the frequency of this fork, and 1 21 the corresponding length 

of the wire, it will be found by,exp(Timcnt that”^= ; or, ni 1 1 

=W 2 Z 2 * Repeating the experiment with other forks, it will be found 
that =* 712/2 ”^ 3 ^ 8 , etc.: a constant which verifies the law. 

Note that the same wire is used and the tension is kept the same 
while adjusting the length of the wire for unison with the dififerent forks. 

Law 2. To verify J T. —Stretch another, wire called the 
comparison wire, by the side of the first wire. Let Ti be the tension 
on the first wire. A length of the comparison wire is then adjusted 
which is in unison with the note yielded by tlie first wire. 

JiCt the length be /i. Now increase the tension on the first wire 
to T 2 ; so the frequency of the note emitted increases. Again another 
length I 2 of the comparison wire is found which is in unison with the 
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note of the first wire. Lot Wt and Wg be the frequencies of the 
notes of the comparison wire of lengths li and and so of the first 
wire corresponding to tensions and T 2 respectively. Wc have, by 

the law of length,. Again, it will be found by the experi- 

ment that 7 ^ = \/So, 

h ^ T2 n 2 ^ T2 

By applying different tensions Tj, 7 ’ 2 , T’s, etc. to the fir^t wire 
and determining corresponding the attuned lengths I 2 , /a, etc. for 
which the resi)ectivc frequencies are «i, 912 , W 3 , etc. it may be shown 
that JT is constant. This verifies the law of tension. 

Law 3, To veriii! n°^M J —To verify the law of mass, two 
wires of diflerent mass jjer unit length are taken. The wires may be 
of the same material or of different materials. One of them is 
stretched by the side of the comparison wire by a ‘•uitable load. 
Taking any length of the wire whose mass per unit length is wu a 
length /] of the eom])arison wire is determined, which is in unison 
with th(‘ note of the first wire. Rtqfiaeing the first wfl’e by the sc'cond 
wire of muss per unit length, and keeping the tenmon the SfUite, 
the above experiment is repeated, taking the length of the second wire 
some as that of the first. A length l-j of the eompari''On win* is found 
which is in unison with llie note of Lhe second wire Then a measured 
length of (‘ai*li of the iwo wires is taken, and each of them is weighed. 
From these w^eights, mass per unit h ngth (a//i and for the two 

wire.s is found. 


Let tfi and //g be the frequencies of the lengths and I 2 
comi)arisoii wire. We have, by the law of h'ligth, = 

//o /j 


at '"= 

fi oil 


is found by th(‘ experiment tli 

IIonce, or, U] Jm\=n 2 J llepeating the 

«2 tn-i 


of the 
and it 


experi¬ 


ment with other wires of different mass per unit length, it will be 
found that h Vw=a constant. This proves the law of mass. 

Law 3 (a). To verify n<* lid .—^Take two wires of different 
diameters but of the same material and proceed iiist as in the above 
experiment (Law o). Let h and /2 be thr* lengths of the comparison 
win* which are found to be in unison with notes produced by equal 
lengths of the two wires having diamot<‘rs t/] aud dz respectively. 
Now, measure di and ^2 with a screw-gauge. From Law 1, we have 
n^fn 2 = l 2 l(\, and it will be found by experiment that / 2 //i=d 2 /di. 

Hence —’ — whi<jh verifies the law. 

«2 di 

Law 3 ib).To verify w « 1 / Jp. —Take two wires of different mate- 
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* rials but of the same diameter, and repeat th& experiment exactly as in 

the verification of Law 3{a). It will be found that — This 

712 ^ Pi 

verifies the law. * . , j ^ 

N.B.—It should be noted that this experiment gives a method of 
determining acoustically whether two wires are made of the same 
material or not. 

67. Notes on Tuning : —In tuning two strings, or a tuning-fork 
and a string, or any two notes, the following two methods may generally 
be adopted : 

(i) “fiy Resonance”—Tune as nearly as possible by ear. Then 
place an inverted l^-sshapcd paper rider, or a thin wire rider, on the 
. middle of the string, and place the stem of the vibrating tuning-fork 
on the sonometer box. It will set the string into vibration by reso¬ 
nance and the rider will be thrown off, if the tuning be accurate. It, 
however, this dogs not occur, adjust the length of the string by 
moving the movable bridge until the rider is thrown off. 

(/£) ' By Beats*'.—By adjusting the length of the string by the 

movable bridge until the two notes (of the string and of the fork) are 

* very nearly of tlfe same frequency, l>eats will be heard, the 
re.sultsint souhd will appear to give alternate maxima and minima of 
loudness. On adjusting the h'ligtli still further, beats will become 
slower, and will c(‘a‘'e entirely when tuning is exact, 7.c. when the 
frcqneneic's of the two notes are exactly equal. 

68 . Determination of Pitch by Sonometer:—(a) The 

fi’e(iuen(‘y of a note (“in be df'terniined (‘itlc r by keeping the length of 
the soiuaneter win' ('onstant and adjusting the tension, or by adjusting 
the h'ligth of tin* wire k<'i ping tin* tension constant, niilil the string is 
in unihon with tlie note, the pitch of which is to be determined, rhe 
latter metihod is, hov'ever, convenient. If the fr(»quency of a tuning- 
fork i*. to be determined, its stem is lightly pressed against the sono¬ 
meter box after it is made to vibrate. The resonant length of the wire 
is then measured and the mass of the string per unit length is 
determined. The stretching weight is noted ; the tensiem is calcu¬ 
lated by multi])lying it by the acceleration duo to gravity. The frequ¬ 
ency 71 is then calculated by theformula, 2/^ m' 

N.B.—By knowing ?/, the ffenaiiy of the material of the wire can 
be determined from formula (3), Art. 04. 

(6) 'I’lie pitch of a tuning-fork can also be determined by taking 
another staiidard fork of known frequency and then determining as 
above a length of the same wire stretched by the same weight until 
this fork and the wire are in unison again. If « be the frequency of 
the standard fork,//'the unknown frequency, and / and / be the 

corresponding lengths of the wire, then, wo have, t> whence can 
be determined. 
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69. Certain Terms :— 


Note, Tone .—A rtoie is a general term denoting any type of 
musical sound. The musical sotgid is a con>p]ex sound made up o£ 
two or more simple component sounds of different pitches. Each of 
tlie simple component sounds is called a tone. A tone cannot further 
be divided into simpler components and, therefore, has a single fre¬ 
quency. In other words, a tone is a sound of single frequency, while 
a note consists of some pure tones. 

Fundomentaly Overtone, Harmonic, and Octave .—^When a 
body vibrates, generally there are present in the note several tones of 
frequencies which are multiples of the frequency of a fu7idamentaly 
which is the tone of the lowest pilch. The odier tones, except the 
fundamental, are called oiertones. When the frequencies of the 
overtones are exact multiples of the frequency of the fundamental, 
they arc, in particular, called harmonics. 

The tone whose frequency is twice that of the fundamental is 
said to be an adore higher, or called the first harmonic, of the 
fundamental. All tones of frcqueiKiics between any number ?/ and 2 n 
are said to be in the same octave, • 

70. The Harmonics of a Stretched String :—(?)*A string can 
be made to vibrate in different modes. When it vibrates as a whole 


it is the simijlest mode of its vibration. Such vibration is ])rodnced 
when the string is plucked at its ccnti-c. It has been pointed out in 
Art. C2 that wlien a string vibrates, the waves generated are reflected 
from the fixed ends, and the incident and the reflected waves give 


rise to transverse stationary waves having definite nodes and anti¬ 
nodes. In the present case there will be ])roduecd ino nodes (iV, A) 
at the two fixed ends, and one aniinode [A) in the middle as shown in 
Fig. 33, (I); in this case the length of the string, /=X/2. 

V V . ' 

.'. n— string may vibrate in other ways also. 


(fi) If the string be plucked 
the wire from one end, and at the 

I 

FUNDAMENTAL 



at a point one-fonrth the length of 
same time the middle point of the 
wire is lightly touched, it will vib¬ 
rate in two segments. In this man¬ 
ner of vibration there arc ihree 
nodes and two aniinndes as shown 



in Fig. 33, (IT). In this case, /=X* 
/. = F//; or, wi=2w. 


OCTAVE 



SECOND HARMONIC 


This tone is an octave higher 
and is called the first harmonic of 
the fundamental tone. 

{Hi) In the next mode of vibra¬ 
tion, if the string is held at one- 
third of its lengdi and if the mid- 


Fig. 33 die of the shorter segment is bowed 

the wire will vibrate in three segments, and in that case there will be 
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four nodes and three antinodes as shown in Fig. 33, (III). In this case 


X—5? 


qV 

; or, W2=3^^. 


■gt, .. ,M.,g 2^ 

This tone is called the second hafnionic of the fundamental tone. 
In this way it will have all the odd and even harmonics. But if the 
bowing is at random such that the segments into which the string 
vibrates are not regular, tones will also be produced which are not 
exact multiples of the fundamental. These higher tones are called 
Upper,tones, or Overtones or Upper partiais. 

Examples.—(J) An iron wire of ^ inch diameter is etrelehed b^f a weight 


of 224 Ibe. Find the velocity of the traneverse wave along it. {Specific gravity of 
^ Iron ie 7‘8.) 

We have. F— /^. Here density of nons=62‘5x7'8 lbs. pej* cu. ft. 

V m 


Af?ain m 




X62 5 x 7'8 lbs. per ft. 


and T=22'iX32 i)Ounda]s ; whence F-3115ft. per sec 
(2) A tuning fork i$ tn uniton with the fundamental tene of a etretehid etring 
^ and the obterved readingt are the following — 

(cr) Length of Aie atring=iS5 cmt. (b) Mate of 1 metre of the atring= 0 5 gme. 

(C) Load* applied — A kilograms (Julculaie the frequency {Pat 1924) 

0 ^ 2 "? 

Here, 1=35 cijis.; m— -=0 00'23 uei cm. ; T—(4x1000x981) dviie*' 


We have, 

21 m 


= ^ / 
. 2X35V 


4000x981 

010323 


; V. hi nco, n=:497 per “sec 


(5) The length of a sonometer wire betweeniwo fixed ends is 100 ems. Where 
should two bridges be placed so as to divide the wire into three segments whose 
fundamental frequencies are tn the ratio of 1 : 2 : 3 {All. 1917) 

Let the seftments be i*. and i*, and let n be the frequency of the note 
given by ; then the Irequeuciea of the other tv o notes are 2. % and 3n res- 
nectively. • Each of the above segments represent the distance between two 
bridges, t.e. two fixed points, which are nodes. Hence for the fundamental 
tonef=Xi/2 , Is=Xb/ 3, when Ai, X* and are corresponding wave¬ 

lengths. Thus we have, F»nXi*2nIx; F»2nXt=4nZ, ; and FsSnXa—bfiZs. 
when F is the velocity of sound. 

F=2nZi_s!4nZj*B6»Z, ; or Zj=2Zj=3Z8. 

But Zi+Z*+l8=]00; or, 3Z3+?Z8+*s=100 or. “*3=100. 

30*0 , 3 X 200 _600 


, 200 , 3^ 200 300 , 

cms.; ems ; I, 


11 


11 


cms. 


600 

That IS. the first bridge, should be placed at a distance oi ^ cms. or, 

54'55 cms. from one end, and the second at a distance of Yi** cms. or 27’27> 
cnis. from the first bridge, or. 8r82 cms from the same end. 

Otherwise thus—Let the segments be *1,1, and *3 ; then their frequency 

ratios are 1:2:3. But as Z*cl/n ; wc have ; Z* : *8=^ : 17 

123666 

b6 : 31 2. 

A Zi=^ of 100-»i^ cms.; *8 = 1 of 100= cms. ; *3=!^ of 100=^° cms. 
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(4) A wire 60 erne, long and of mate 6’5 gmt %» vtretohed to that it makee 
80 vibrationa per second. Find the atretching force in grama-weight 

Bow would you double the frequency (i) by changing the length of the wire *, 
(ii) by changing the tension in the above case f ^ {AU 1925) 

The frequency of the note is given by, »=!, / 

2*V m 


Here I*50 cms,, n = 80, m (mase per unit length) =»6’5/50, Tss’l On calculation, 

r.6;^><g0.y80><100_xl00dynea. 


The stretching force in grams-weight* ^ 

. <*) The frequency may be doubled by reducing the length of ihe vibra¬ 
ting wire to one-half of its former length; (n) noij'rp • hence frequency 
mav be doubled by increasing the tension 4 times, t.e, by applying 4 times 
more weight, 

(5) A tuning-fork gives 15 beats per second when sounded toith a sonometer 
wire of length 20 cms. and 20 heats with that of length 25 cms Calculate the 
frequency of the fork The tension and mass per «ml length of the wire are T25 
kgm. and 0 026 gm. (g—980 cma.Isec .-) (Ail. 1930 ; Pat. 1949) 


The frequency of Iho fundamental note. 



in which 1*20 cms. 


To*T25Xl000 gms. and to= 0'025 gm. in the first case, whence n, = 175. 
ISince the tuning-fork gives 15 heats j)er .second with the sound of fre¬ 
quency 175. the frequency of the fork is either (175-fl5) = 190 ;*or. (175-15) 
=160. 

In the second case, 1=25 cms,, T and m same, whence na = 140. 

Hence Iho freqnoiiov of the fork givung 20 beats witli the .sound of 
frequency 140 is either (140+20)=160 ; or, (140- 20)=120. 

The fork m both the cases being tJie same, its frequency is 160. 

(6) Two similar strings of a sonometer are tuned to unison. One is 36 inches 

long and stretched by 100 lbs. Find the weight on the other one which is 46 inches 
Umg. (C. U. 1941) 

Here . whore Tj^=. (lOOX 12) pouiidiils ; — 36 in. , i* =45 in.; 

Tj*? ; whence T, - SjOO") pouiHlal.s=J56’26 lbs wt , 

(?) A bridge is placed under the string of a monochord at a point near the 
middle and it is found on plueking the two parts of the string that 3 beats 
per second are produced when the load stretching the string is 8 kilos If the 
load be then increased to 12 kilos, determine the rate of beating of the two parts 
of the siring. 


1 fT 1 IT 

Hero, ./ ^ No of beats=3=ni-no 

When the tension is clianged to T*. we have. no. of beats, 

* 2 / 

(5) Two tuning-forks when sounded together give 4 beats per second. One 
is in unison with a lengA of 128 ems, of a monochord string under constant 
tension and the otJiCr with 130 cms. of the same string. What are the frequencies 
of the forks ? U-1939) 

Let n, and n, be the vibration frequencies of the two forks. From art. 
65, (1), we have, 

i 28 =M = > ’• 

So, we have, (Art. 45), n —«4*nj|; whence =260. 
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Questions 


1 The sonometer is stretched with a force of 200 Knis -weiptht. 

(o) The force is increased to 800 Rnjs.-wt.; (6) the lenc;th of the string 
is halved. How is the pitch of the note emitted by the string affected in 
each case ? ^ (C. U. 1912) 

[Am. : (a) n2s2ni ; (6) n2'=2ni. i.e. the pitch is doubled in each case.] 

2. The string of a monochord vuirates lOO times a second. Its length 

is doubled and its tension altered until it makes 150 vibrations a second. 
What is the relation of the new tension to the original 7 (C. U. 1924) 

[Am^ : r, : Ti; : 9 ; 1] 

3. What will be the frequency of the note emitted by a wire 50 cms. 

in length when stretched by a weight of 25 kilograms, if 2 metres of the 
W’ire are found to weigh 4*79 grams ? (C U. 1934) 

[Am. : 320 per sec.] 

4 Find the frequency of the noe emitted by a string 50 cm. long 
stretcher! by a load of 10 kgins., if 1 metre length of the string weighs 2’45 
gm. (g=980 cm /sec.*). (East Punjab. 1953) 

[Am. : 200 pe-r^ec.] 

5. A wire 25 cm. in length and 0’25 gm. in weight produces when 
plucked a fundamental note ot frequency 200. What is the tension in 
gm -wt. m the wire ; given g=980 cm /sec.*. (Pat. 1952) 

. ; 1020'4 gm.-wt ] 

6 Two tuning forks A and B jiroduce 4 heats per aemnd when sounded 
together. A rr^soniids to 32'4 cins. oi stretched wire and while B is in unison 
with 32 ems. oi the same wire. Find the fieqiiencies of the i'ork.s, 

(Mysore, 1952) 

[Ana. : 320 : 324] 

7. Oil what factors Joes the frerpiency oi Mlir.-itioii of a stretched airing 
dej.end ? (All. 1925 ; cf. C. U. 1046) 

When the wiie ot a .■'onometer i*^ 73 ems long, it ,s in tune with a tuning- 
fork. On shortmiiug the wiie hv 5 mm., it imikes 3 beats a 'econd witii the 
fork. vVhat is the trequenc\- of the folk ? (Pat. 1939 ; (1.11. 1950) 


[»■ 


1 . p 

21'^^ m 2x73*^^ m 


V T . n 72-5 

• ■ „+3= 7!) ' 


2x7:i'\ m ' 

8, A w'lre 50 cms. long vihrat(‘s 100 limes a second. If the length is 

shortened to 30 cnis. and the streiehing force quadrupled, what will lie the 
frequency ? (All. 1927) 

[i4n». 333 3] 

9. Two strings ol the same length and diameter are constructed of 
raaterlal.^ of densities l‘21and 9 gms /c.c. respective!v. (’'onipare the tensions 
which must be afiplied to them in order that the note given by the second 
string may he an octave below that of the first. 

[Am. : 4'84 ; 9] 


10 A stretched string 1 metre long i.s divided hy^ two bridges into three 
parts so as to give notes of the common chord w^hose frequencies arc in the 
ratio of 4 : 5 : 6. Find the distance between the bridges. 

[Am. I 32 432oms.] 

11. A string 24 inches long weighs half an ounce and is stretched on .a 
sonometer with a weight of 81 lbs. Find the trequency of the note emitted 
when struck. " (Dac. 1934) 

( Am. : 101 'S] 


12. What is the fundamental frequency of transverse vibration of a steel 
wire 1 mm. in diameter and 1 metre long, hanging vertically from a rigid 
support with a mass of 20 kilograms attached to its lower end. Density of 
steel=7’9 gm./c c. (Utkal, 1947) 

[Am. ; 85 5] 
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13. State and explain tlie laws of vibration of a stretched string. Why- 
are strings of musical instruments mounted on hollow wooden boxes 7 

(G. U. 1950) 

14. A brass wire (density 8*4) 10() cms. long and 1*8 mm. in diameter is 

.stretched by a weight of 20 kilograms. Calculate the number of vibrations 
which it makes per second when sounding its fundamental tone. (p=b980 
cms. per sec*.) (C. U. 1930) 

[Aim. ; 47*88 nearly.] 

16. State the laws of transverse vibration of a stretched string and 
describe experiments to verify them. (Bibai*, 1956 ; 0. U. 1926, ’34, ’36, ’41; 

All 1927, ’29, ’45 ; Pat. 1940, ’42, ’49) 

A sonometer is in tune with a fork. On shortening the wire by 1% the 
tension remaining constant, 4 beats per second were heard. What is the 
frequency of tlie fork ? (Bihar, 1955) 

[Ans.: 396 per sec.] 

16. A stretched wire.under tension of 1 kgm.-weiglit is in unison with a 
fork of frequency 320. What alteration in tension would make the wiie 
vibrate in unison with a fork of frequency 256 ? 



So the tension should bo reduced 





16 


25 
25 ^ 



17. A sitar wire is 80 cm. loiig end it emits a note of 2ii8 vibrations per 

bocond, flow far from the top it may be jirtssod so that it niliy emit a note 
ot 312 vibiations ]>or bccond ? (Pat. 1951) 

[Aim. ; 6*2 cm.] 

18. How would you verify with a sonoruiter the lau conneeting the 
fre((uency of a btretchtd striug wiUi its tension ? II an additional weigJil 
ot 75 lbs. raises the lutch by an octave, what W’as the original tension ? 

[Ant.,* 251b3.-wt..l 

19. Given two tuning-foiks, how would you dctoiraiiie the pitch of the 
note emitted by one of them il that of the other is known ? 

((b IT. 1919; Pat. 1930) 

20. How would you verify the relation between the pitch of the note 

emitted by a stretched string and Us tension. (Pat. 1943) 

21. Describe experiments showing how tho note given by ^ stretched 
string depends on (*) the tension, and (u) its mass per unit length 

(Utkal, 1952) 

22. Explain how you would find acoustically whether two wires are 
made of the same material or not. 

23. Wires of brass and iron are stietched on a sonometer and are 

adjusted to emit the same fundamental tone. The two wires are of equal 
length, but the tension of the brass wire is 5 kgm.-weight and thar of the 
iron 3 kgm.-weight. Assuming that the iron wire has a diameter of 0'8 mm., 
find that of the braes, (C. U. 1946) 

f An..; OSArC^E^tZE^mm. 1 

L ^ 3 X (density of brass) J 


24, Tw’o exactly similar strings A and B of a sonometer are stretched by 
means of weights. Describe two distinct arrangements by which the note 
given by A would have twice the fiequency of the note given by B. Account 
for your arrangement. (0. IT, 1950) 

Rhow how the (»-eqnency of a tuning-fork is determined with the 
help of a stretched string. (Pat, 1937; All. 1945; C. U. 1946) 

26. What are harmonics ? How will yon demonstrate their formation 
in a sonc meter wire ? What important part is played by them in musical 
notes ? (U. P. B. 1950; c/. G. U. 1952) 



CHAPTER Vm 


VIBRATION OF * AlR-COIiUMNS: LONGITUDINAL 
VIBRATIONS OF RODS (DUST-TUBE EXPERIMENT) 

71. Stationary Vibration of Air-Column within Organ 
Pipes : —^The column of air enclosed in a pipe can be set into moment- 
tary vibration when any sudden disturbance is communi¬ 
cated to it, or the pressure at the mouth of the pipe is 
suddenly altered. For example, a sound is produced by 
suddenly withdrawing a cork from a tightly-corked cylin¬ 
drical bottle, because the sudden withdrawal of the cork 
disturbs the air-pressure at the mouth of the bottle which 
is the cause of ^e vibrations of air in the bottle. The 
whistling sound produced by blowing across the open end 
of the barrel of a key is also another example of vibration 
of air-column. In various musical instruments such as the 
flute, clarionet, ate. the musical sound is produced and 
maintained by vibrating the air-column enclosed within 
the pipe. Air-column in a pipe, closed or open^ pibrates 
longitudinally when disturbed at the month. 

An organ ])ipe is the simplest form of a wind instru¬ 
ment. Fig. 31 shows a longitudinal section of an organ 
pipe. It consists of a hollow tube BD in which air can 
be blown through a pipe A. The air issues through a 
narrow slit B, and strikes against the sharp edge (X called the of 
the mouthpiece. This sets up vibration in the air-column enclosed 
in the pipe. When the blast is directed into the pipe, it produces com¬ 
pression, and, when directed outwards it can, by suction, produce 
rarefaction at the lower end of the air column. An organ pipe is 
called closed or open according as it is closed at one end or 
open at both ends. 

(a) Closed Organ pipe.-^As air is blown through the pipe (Pig. 
34), it strikes the edge, and a slight upward deviation of the air blast 
produces a compressed wave which travels to the closed end (which 
is a rigid wall), and so the air near the end is coinpre.ssed to a pressure 
greater than the atmospheric pressure. This compressed air forces 
back the air behind it in order to return to atmospheric pressure, and 
in so doing it starts a compressed wave which returns along the pipe, 
Thus a compressed wave is reflected from the closed end as a com¬ 
pressed wave, and returns to the mouth. But the mouth being open, 
and the air free to expand, the pressure of the compressed wave 
pushes the sheet of air outside and so the layers of air relieve them¬ 
selves from a strained state and as a result there is reversal of the 
type of the wave and so a wave of rarefaction starts inside. The wave 


D 




e 



Fig. 34— 
A Closed 
OrUftn Pipe 
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of rarefaction again comes back to the mouth as a rarefied wave after 
being reflected at the closed end. This is again reflected as a com¬ 
pressed wave at the mouth, which is a free end, and is also intensified 
by the compressed wave directea inwards by the blast of the air out¬ 
side. In this way, of the vibrations of various frequencies set up by 
the impact of the air blast with the lip 0 of the pipe, the air-column 
inside the pipe takes up only those with which it can resound, and 
pulses pass up and down the length of the pipe, the result being the 
propagation of a musical note and the pipe is found to speak ,, 


'J'he result of the reflected pulse meeting with the direct one is a 
stationary longitudinal wave set up inside the pipe, and nodes and > 
antinodes occur at definite places. The air at the open end is free 
to move inwards or outwards with the maximum freedom and, there¬ 
fore, is a seat of antinode. The closed end being n rigid wall, the 
air in contact with it has the least freedom of movement and so the 
closed end is always a node. 


(fe) Open Organ Pipe : —In an open pipe, when‘a compressed 
wave reaches the far end, the air at that point is for an instant at a 
pressiu’c greater than ordinary atmospheric prc'ssure, and the mouth 
of the tube being op(*n, the air there can vibrate with tlic utmost 
freedom and so suddenly expands into the surrounding air. Thus the 
prosBuro diminishes so quickly that it fails somewhat below the 
pressure of tiie surrounding air, which causes a sudden rarefaction 
at tiie end of the pipe. Tliis sets up a rarefied wave which passes back 
along the pipe. This rarefied wave is rcflect(jd back as a wave of com¬ 
pression at the other free end. Within the tube, the reflected pulses 
meet with the direct ones blasted into the mouth from outside and 
the result is the formation of a stationary longitudinal wave having 
nodes and autinodes at definite intervals. Both the open ends of 
the tube are seats of antinodes, the air there being most free to move 
either inwards or outwards. For the fundamental tone emitted by 
the tube, there is one node between those two antinodes. 


72. Fundamentals of a Closed and of an Open Organ. 
Pipe of the Same Length :— 

Closed Pipe. _^In the simplest mode of vibration in the case of a 

closed organ pipe,there is a node at the closed end and an antinode at 
the open* end [Fig. flfila)]. Jn a stationary wave the distance between 
two consecutive nodes, or two consecutive antinodes, is equal to one- 

half the wave-length i m in Ham the length of the tube is one- 

fourth of the wave length, i.e. the wave-length is four times length 
of the tube. This is the fundamental tone. 
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Let rii and Xi represent frequency and wave-length of the funda¬ 
mental tone given by a closed organ pipe of length 1 . Hence X j =4/; 
and 7=74 jXi, where the velocity of sound. 


Open Pipe —In the case of the fundamental of an open pipe, i.e. 
a pipe open at both ends, there is an antinode at each end of the pipe 
with a node in the middle (Fig. 36{a)J. So the length of the pipe is half 
the wave-length. If 7 i and X' be the frequency and wave-length of the 
fundamental tone for the open pipe, we have X'=2/. Again, F=rA'. 

/ F F o 


Hence, the pitch of the fundamental of an open organ pipe is 
twice^ i.e. one oefave higher tkaji that of a closed organ pipe of the 
same length. 


N. B.—If an open pipe, while giving 
out a node, is ^iddcnly closed, the pttrh 
of the 7iots at once decreases and the 
sound emitted becomes less sharp. If an 
organ pipe is closed at one end by a 
movable shutter, the pitch of the note 
emitted by the pij)e is found to rise on 
slowly opening the shutter and to fall a-^ 
the shutter is gradually closed. 

(a) Overtones Cor Harmonics) of 
Organ Pipes .—Production of harmonics 
depends^to some extent on the nature of 
excitation of the tube. If the air is bl own 
more and more powerfully, the nature of 
the stationary waves remains the same 
no doubt but the number of nodes and 
antinodes is increased, l e. higher and 
higher harmonies are also produced. 
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(f) Closed Pipe .—In the (jase of a 
closed pipe, the closed end is always a 
node and the open end always an antinode 
[Fig. 35, (a)]. The next possible mode of 

vibration, ^ter fundamental, is to have one intermediate node and 
one autinode [Fig. 35, (6)J, i.e. the length of the pipe I is three-fourth 
of the wave-length Xg ; so in this case, — 


Frequency 

(a) (6) (0) 

Fig. 35—CloBed Pipe. 


If n 2 bo the frequency of the note, ^2=3 F/4/. Hence, /*2=3»i, 
where ni is the frequency of the fundamental. 

For the next higher overtone, there will be two intermediate nodes, 
and two intermediate antinodes alternately placed [Fig. 35, (c)J. 
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In this case, ^8=1?; and the corresponding frequency, 

Hence, W8s=6ni, and so on. In the case of a clos^ pipe, tlierefore, 
orUy harmonies proportional to th^ odd natural numbers are present^ 
and this makes the quality of the note given out by a closed pipe 
lacking in fullness. 


Harmonics of Closed Pipe 



I TSTo. 

Wave-length 

Frequency of 

Relation with the 

m air 

the note 

fundamental 

1 

4> 

F 

Fundamental 

2 


* 41 


3 


« 5F 

ft mt_ 

41 

n»=5», 

&G. 

&c. 

&c. 

&c. 


Therefore in a closed pipe the possible frequencies of vibration 
are in the ratio 1:3:5, etc. 


(i£). Open Pipe.- We have already seen that in the case of 
the fundamental of an open pipe, there is an antinode at each end 




and a node in the middle [Fig. 36, (a)J, If 
n be the frequency of the fundamental, 

Vl2l. 

‘ • For the next overtone^ there will be 
intermediate nodes and one inter¬ 
mediate antinode between them [Fig. 
36,(6)]. In tliis case X"=2//2—the length 
of the pipe, and the frequency, n"- 
F/Z=2n', t.e. it stands an octave higher 
than the fundamental. 

In the next overtone^ there will be 
three intermediate nodes and two intei^ 
mediate antinodes [Fig. 36 (c)J. In ^is 
cose ^'"“21/3, and the frequency, n"= 
3F/2Z=“3»'; and so on. 


Frtqusney 

2n' 3n' 


(a) (6) (o) 

Fig. 36—Open Pipe. 


Hence, in the case of an open 
pipe, both oad and even harmonics are 
present. 
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Harmonics of an Open Pipe. 


No. 

Wave-length 
in air 

Frequency of 
the note 

Relation with the 
fundamental 

1 

21 

”“21 

Fundamental | 

e 


• 

II 

8 


h 


n'"-3n' 

3 

3 

21 


&c 

• &c. 

&(.• 



'’J''herefore in an open pipe the frequencies of the fundamental and 
overtones are^in the ratio of 1 : 2 : 3 ; 4, eto. 


It should be noted that the note given out by an open pipe is an 
octave higher than that given out by a closed pipe of the same lengthy 
and that) owing to the presence of all harmonics proportional to the 
natural numbers in an open pipe, ths quality of the note given out by 
an open pipe is richer and sweeter than that given out by a closed pipe. 


73. Effects of Temperature and Moisture on the Pitch of 
an Organ Pipe :—The pitch of any sound (which depends upon the 
frequency*of vibration) is given by the relation, ; so anything 

which changes the velocity V will also change the frequency or wave¬ 
length or both. In an organ pipe the length which determines the 
wave-length does not change appreciably with changes of temperature. 
The velocity increases with temperature and so it follows that a rise 
of temperature of an organ pipe increases the frequency and so the 
pitch of the note emitted by it. ‘The presence of moisture diminishes 
the density of air in the pipe and so it increases the velocity {vide 
Art. 25), and consequently the pitch of the note emitted also rises. 

Example.—ly ths frequency of the note emitted by an organ pipo ia 260 tn a room 
at a temperature of 0 O , what will be ita frequency, if the ten^erature riaea by 27°0. ? 

We know that. (Art. 25). 

1 ar V 273+27 


Tin 

Vo—*»cX, 


and n*7 be the frequencies at 0°0., and 27°0. respectively, we have 
and no=260. 


IT 


’-= / 

*»*T V 


^3 

300 


; whence n*, =272*5. 


38 
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74. Positions of Ifodss and Antinodes in an Open Organt 
Pipe :—The position of the nodes and antinodes in an open organ 
pipe can be demonstrated by the following experiments— 

Experiments. —(I) An opei organ pipe, constructed with one 
of its sides of glass, is taken (Fig. 37). A small ring 
covered with a piece of stretched thin paper, and sus¬ 
pended by strings, like a scale pan, is covered with 
• some dry sand granules. This is gradually lowered 
I -into the pipe, while the pipe is gently blown to give 

I out its fundamental tone. It will be scon that the 

particles remain still in the middle position of the pipe 
indicating a node, t.e. a place of minimum agitation of 
air-particles, and that at the top and bottom of the 
pipe, the sand particles dance vigorously, indicating' 
Fig. 37 the positions of antinodcs, e. jilaces of maximum 

agitation of air-particles. 

Blowing the pipe more strongly in order to have other over¬ 
tones and noticing the dancing of the sand granules, other positions 
of nodes and antinodcs can be discovered 

N.B. _^It should be noted that an uutinode will occur whercvei* 

there is free communication between the inner and the outer air. 
Hence, by opening a hole in the wall of 
an open pipe, an antinode is created there 
in addition to the two antinodes at the 
two ends of tbe pipe ; and the column of 
air will vibrate by satisfying the condi¬ 
tions already stated. Thus the note 
emitted by the jupe is at once changed. 
l<>om this, the reason of having different 
notes from ordinary bamboo or tin flutes, 
or from instruments such as clarionets, 
piccolos, etc. by opening and closing 
holes in the tube of the instrument, 
is clear. 

(2) Manometric Flame Method. 

_^Another method of studying the varia¬ 
tions in pressure at the iiode^ and the 
antinodes in an organ pipe was devised 
by Koenig, a German, and is known as 
Manometric Flame (or Capsule) method. 

A circular aperture is made at any 
desired point in the wall of an organ 
pipe and is then covered with a .stretched (o) (&) (c) 

diaphragm of thin rubber. A piece of 38— Manometric Flame, 

metal M in the form of a capsule is fitted on the aperture so that the 
inembraue constitutes one side of a small chamber C fitted with two 
narrow pipes through one of which (?[Fig. 38,(e)l coal gas is led which 
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escapes through the otiier pipe terminating in a pin-hole jet where the 
gas is burned. Any vibration o£ the air inside the pipe, which forms 
tiie other side of the chamber (7, throws the membrane M in contact 
with it into a similar state of vibration and which again causes corres¬ 
ponding vibration in the pressure of the gas in the chamber C, and 
thus a corresponding chang<' takes place in the kmgth of the flame. 
If the change in pressure be periodic, the length of the flame also 
vari (*3 periodically. But the change in pressure being very rapid, the 
alterations in the length of the flame cannot be followed by the eye 
due lo persistence of vision. To render them dLstinct, the light is 
received on a cubical box having plane mirrors on its four sides 
|Fig. 38, («)] which may be rotated rapidly 
^ about a vertical axis in front of the flame, 
and the successive steps of the flame are seen 
by looking at thi* reflection of the flame in 
the rotating mivor. When the flame [h'ig. 

38, (/>)] burns steadily, a continuous band of 
light will appear on tiie rotating mirror. So 
when the manomctric flame is at an antniode, 

■ where there is "no variation of pressure of 
the vibrating air-column (ride Ai’t. 51), the 
membrane will not be agitated and ^o the flame is quite steady, and a 
long band of light will appear on the mirror. When, however, the 
fljime is at a uofhs where there is th(' maximum change of j)ressure, 
the flame jumps up and down with a frequency o<iu:ii lo that of tlie 
membrane ami the reflection in the rotating imi'ror presents a broken- 
up-toothed-appearance. 

Fig. 39 represents appearance of the flame in the revolving 
mirror produced by difiereiit tones. Fig. 39, (^) reiuv.seiit.' that due 
to an org^n pii)c blown gently, and Fig. 39, (h) that due to tlie pipe 
blown hard having double the frequency. 

cbwparwon.--The manometric flame method is also applied in 
comparing the frequency of tuo organ pip6i>. When a capsule is 
applied at a node in each pipe and tlie corresponding flames are 
examined side by side, it will be found that n teeth in one image will 
occupy the same lengtli as ri teeth in the other. So the frequencies 

of the two pipes are evidently in'the ratio n : n. 

Examples—(2) V dit length of an optn oryan pipe Bounding Ua fundamental 
note be one metre, what ehall be the length of eueh a pipe tn order that tt may 
tound the fifth of the pre/oimte note ? (Pat. 1926) 

If 1 1 be the leneith of the pipe giving out its fundamental and the length 
of the pipe when the fifth of this note is sounded (vide Art. 56), then, m the 



first ^ jg jjjg frequency of the fundamental note. 

* 3 

Now because a fifth corresponds to a ratio of , the frequency in the second 


case is— ; hence, F=2X^X/j—3n2* ; .. SnlgssZnlx ( V is constant) 

^ 2 
«2i»Xl(V 1=1 metre). 1*=^ metre. 
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Thus the length of the pipe sounding the fifth of the fundamental is ^ metre 

o 


Cl about 66‘6 cms. 

(2) The top of an organ pip$ i» euddenly doted * If it emit* next above the 
fvndatnenide in both the caeet and the difference in pitch be 256, what wae the pitch 
of the note emitted ordinarily by the open pipe ? (Pat. 1938) 

Let F be the velocity ot sound m air and nj the frequency of vibration of 
the open pipe next above the fundamental, then we have n^sF/I, where Z 
is the length of the pipe. When it is closed, it becomes a closed pipe having 
a frequency of vibration n*. asy. As the pipe now emits also the frequency next 
above the fundamental, we have, nj = 3F/4l; but n* =ni—256 (n^ being greater 
than ny). 

op o 

ni-255='^j ; whence ni=1024. 


(3) Two open pipes are sounded foyeit>*r, each note consisting of the funda¬ 

mental togethef uit(h two upper harmonics. One fundamental note has 256 vibra¬ 
tions per second, and the other 170. Would there be any beats produced? If so, 
how many per second ? (C. U, 1931) 

The vibration frequencies of the far t pipe are 256, (256 X 2) or 512, and 
(256x3) or 768 ; and those of the other 170. 340 and 510. Of these notes 
two have got very nearly equal frequencies, viz. 512 and 510. So there will be 
beats, and the number of beats per second «si512—510=2. 

(4) Two organ pipes give 6 beats when sounded together in^air at a temperatwe 

of 10°C. How many beats would be given when the temperature is 24^0. ? (FeIoe% 
of sound in air at 0°C. is 1088 ft. per second ) (AM. 1932) 


In the case of an open organ pipe the velocity (F) of sound in it at lO'^C. 
will be given by. V=2nl, where I is the length of the pipe and n is the frequency 
of the note given out. For another pipe whose length is V. F=2n'r. where n' is the 

frequency of the note. Number of bcats=n-n'= =6 „ (1) 


Now if V' be the velocity of sound at 24 C., no. of beats, ^ = 2 ^ il-l) ...(2) 


18 


From (1) and (2), J//6 = F'/F. But F = (F -f"2X<) ft. per sec., where 
the velocity of sound at 0®C. = 1088+20=1108 ft. per sec., and 

F'w 1088+2 x 24 = 1136 ft. per sec., * 

^• or, Nfe6 15. Number of beats =6. 

D IlOu 

(5) Two organ pipes, one dosed at one end and the other open at both ends, are 
respectively 2 6 ft and 5 2 ft. long When sounded together, the number of beats 
heard was found to be 4 per second Calculate the velocity of sound. (Pat. 1942) 
Let fix and n* be the frequencies of the closed and open pipes respectively. 

Then "i=4xf.5=[o ■ ‘ l«u.= 4 =«,-n. 


s= ^ ^ ; whence F = 1040 ft, per sec. 

10 10'4 

75 . Determination of the Velocity of Sound by the Reso- 
nance of an Air-column :—A vilirating tuning fork F is held close 
to the top of a glnss tube which is vertically placed in a long cylinder 
almost full of water (Kig.40). On gradually raising or lowering the 
tube a particular length of air-column in the tube will be found when 
the sound will be strongly reinforced. Thus it is an arrangement for 
a closed pipe of adjustable length. Adjust the position of the tube 
when tiie intensity of the sound becomes maximum. In that position 
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the Stoqucncy of vibration of the air-colamu agrees with that of the 
fork, and the fork and the air-column in the tube are then said to bo 
in resonance. It should be noted that the pitch of the sound heard is 
iudependent of the diameter of th% tube and of its material, glass or 
metal. The action may be (‘xplained as follows : 

Each movement of a prong of the fork towards the mouth of the 
tube compresses the air in front of it, and thus sends a compressed 

wave down the tube. The compressed wave, on __ 

reachiijg the surface of water, which is a denser n 
medium, is roilectcd back as compressed wave {vide I 

Art. 71). The reflected compressed wave on reach- h|j=L£!! 
iug the open end of the tube is relieved from the 
strained condition by moving sideways and it is rai 

again reflected, but, this time, as a rarefied wave 
which starts down the tube {vide Art. 71). Now, if vr 

the prong reacln* the extreme downward iH*.sitiou 
at tlie same instant and begins to move upwards, a ii-'i-.K 

wave of rarefaction will proceed downwards into v-lv 

the tube. The reflected rareiied wave will thus ~-VJ~ 

roiuvide with flic rarefied wave started down 
tlio tube diTe to the backward motion of the fork 
and so will be reinforced. Again, the reinforced 
waves will b(‘ reflected back from the closed end ci— _Lj 
{ water surface) as rarefied waves, which will reach 
the open end just when the prong begins to move Fig. 40 

down. So the wave of compression formed by the reflection of the 
rarefied wave at the open end is helped by the fresh C( impressed wave 
sent by the prong. This shows that the fork and the air-column of 
the tube agree in motion (fe. tlieir time-periods arc tlm same), and 
so resonagice is produced. Thus resonance causes the intensifica¬ 
tion of sound due to the union of the direct and reflected waves, 
t At . . evident that when resonance 

• l is produced, the wave travels over twice the length of 
T r\ / the air-colnmn in the time taken by the prong to 
~ N D^ake half a vibration. Therefore, in a complete 
— «r vibration of the^firong, the wave travels over four 

r £*I “ ^ length {li) oi the air-column AN (Fig. 41). 

^ We have, therefore, / i=A/4, or, A.=4/i, where A is the 
wave-length, and /i, the length of the air-column. 
But, if F be the velocity of sound, and n the 
"piril frequency of ^vibration of the fork, we have, 

^ In fac.t, the antiiiode is not exactly at the mouth of the tube but is 
a little outside the tube, the distance depending on the diameter of the 
tube. Lord Jiayleigh has .shown that this correction is 0*6r, and thus 
the effective length of the vibrating air-column is / i+O'fir, where r 
IS the radius of the tube, and O'lir is called the end correction. 

Hence, F=4n(/i+0*t)/). 


mm 


Fif. 41 
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Thus, from the resonant air-column, the velocity of sound can be 
determined by knowing; the frequency of the fork. 

ff the temperature of air ii^ the tube is /, the velocity of sound 
at O’C, can be found from the relation, 

yt-Vo ^1+ A j or, Vt=Vo \/^'^,where Tis the ternpera- 

<s7o c7o 

ture on the absolute scale corresponding to fC. 

The End-correction can be avoided in the following way— 

In the first position of resonance, /1 (Pig. 41)=W4:, but 
if the tube be sufficiently long, then by raising the tube 
further out of water a second position of resonance, of 
weaker intensity, may be obtained where the length of 
the resonant air-column 1 2 (Pig- 42)=3^/4 [vide Ait. 
72 {a)l 


k- 


nX 


V 


Since, in the first case,, = ^ +0'6r, and 

4 


Fi j. 42 


in the second case, ^ =/2+0 Gr, 

3X X \ - . 

wehavc, ^ •• 


V= n'>^ = 2n{(2- li). 


By this means the wave-length can be determined, eliminating tlic 
end-correction. 

N. B.—Im order to obtain tlio velocity of sound in dry air the 
result corr(‘cted for touiporature should also be corrected for moisture 
contained in the air by the formula of Art. 2o. 

Fsamplc*-. (/) You are provided with a vetetl containing water, a glase tube 
about 40 cm$. long, open at both ende and a tuning-fork whose frequency ie 256. 
What experimental result do you expect ? (The velodly of sound »n air i* 33280 cms. 
per second nearly.) (C. U. 1914). 

Let I be the length of tlio air-colmns which eiuils llie fundamental note. 

Then, wave-1 pnfrth=4L Velocity of soiiTid=fre<incnoy X wave-length ; 

or, 332^=s25‘)X4l; whence Z=32 5 cms 
lhat is. (40— 325) or 75 cms. of the glass-tube abonld be dipped in water 
when resonance will he produced. 

(2) A tuninp-fork is held aboos the mouth of a doaed glass cylinder whose 
capacity is 160 cubic inches and height 14 indies, and water is poured slowly until 
the most perfect resonance is obtained. The volume of the water introduced was 20 
eu.in. What was the vibration number of the tuning-Jorl: t (Velocity of sound in 
air=1120ft per see.'] 

Volume of air in the tub'» lor resouanc,c=150- 20»130 cu. in. 


150 

Area of cross-section of cylinder^- sq. 

14 


in. 


Length of air-column 


-^,^^- = 12133 in.; again 
14 


150 


14 


for perfect resonance, / = 130 

of cylinder ; where fs= 1’85. 

Hence, end-corrections=0 6r=0 6Xl'85=l’ll in. 
whence n is the required frequency. 

(1120X12)*4»X 13-24 (■/ F = 1120X12 in.) , whence »=253-8. 


= ’rf*, where r=radius ■ 


Wc have V=4n(l+0Sr), 
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(3) A certain tuning-fork firat produced re$onanc6 in a gUuB tube mth an air- 
column of 33 oma and %t could again produce reamance with a column 100‘S etna. 
tn the aame tube Calculate iho end correction. {All. 1921) 

lu tho lirst case, if bo the length of air-column for resonance, the 
effeotivo length of air-coliiimi=J,+»i win lo x ly the end-correction. 

1 j-f a? =X/4, where A IS the wave-length In the second case, if 2^ 
the length of air-cohunn for lesoiidnco. the effective length=ig+». 

or,^='»+*; I,+»=*'+*, or, 3(I,+x)=I,+*. 


Since/i=33, and 2^*100 5, wo have, a"=0 75. 


(i) A cloaed pipe ia filled with a gaa wheat denaity ia 0‘00126 gm, per e.e. 
If the length of the pipe ia SO cma . find the frequency of the note emitted (The 
velocity of sound in air at 0 C. ia J32 metres per second ) 

As the deiii^itf of air is 0 001293 gin per c.c , and as the veloc ity of sound 
in any gas is inversely proportional to the square root ot its density, the 


velocity of sound in the gas of the pipe, 


F-= 33200 ^ 


0 001293 
0-001260 


cms. per sec. 


But 


F=:4nl; whence n= 



76. Longitudinal Vibration of Rods” :~Wlwn a rod o£ wood 
or glass firmly' (.‘laiuped at its middle point is rubbed lengtliwise with 
a piece of resined cloth, or wet linen it is set in longitudinal vibra¬ 
tion, that is, in plane^ parallel to its axis, and it gives out a shrill note. 
The rod is alternately elongated and cumpressed in its eourse of 
movement and the vibration takes place exactly in the same manner 
as the stationary vibration of an oticn ]»ipe sounding its fundamental. 

The free end of the rod being the parts of maximum vibration are 
a/i2/worf(3s, wliilst, for the simplest mode ol vibration there will be a 
/lodc in the middle whiri' it i^- elamped. l^Audenily the length of the 
rod is half the wave-length (distance between two oousiuitive and 
antinodrsj. 

Tli<‘ velocity of sound in the rod is given by, V= 




K 


Ti 


, where E is 


the Young^s modulus of elasticity and the density ol the material 
of the rod. Again wo have, r= wX, where A-, the wave-length, is in 
this case, equal to twice the lengjth / of the rod. 

• Tr o 7 

.. r=2nl: or, = ; or, ^^21'^!)' 

Thus, knowing the velocity of sound in the rod, the frequency, or 
the pitch of the sound emitted can be calculated. Again, if the pitch 
of the sound is determined by comparison with a sonometer wire, the 
velocity of sound is known from the relation, F=2/7/. Thus this 
also provides a method of determining the rflocity of sound in a 
solid rod. 


• For transverse vibration of rods, vibration of a tuning-forh, vibration 
of membranes and diaphragms, road Art, 76(A) et seq. under Sound in the 
‘Additional Volume’ of this'book. 
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^7.' Duh-tube Experiment :—^Thc velocities of^ 

Bound ill different gases were determined by Kundt by using longitu- 
dinjil vibration of rods. The velocity of sound in a rare gas is usually 
dctoraiined in the laboratory by this method.* 

Experiment .—The apparatus consists of a metal or glass rod 



which is clamped 
exactly at its middle 
point C and has a 
card-board. disc B 


F,g. 43-Kundt’3 Dust- tube Experiment. 

glass tube ABm which it can move without touching its walls. The 
other end of the tube {AB) is closed by an adjustable stopper 
(Fig. 43). 


Before fixing the tube in position it is thoroughly dried by blow¬ 
ing hot air through it, and then some dry lycopodium powder is 
evenly spread along its 8id<*s. The rod is now stroked (rubbed length¬ 
wise) with a resined cloth, if it be metal, or with a cloth moistonc'd 


with methylated spirit, if it is of glass, causing it to vibrate longitudi¬ 
nally. Waves are omitted by the disc I) which is niGving backwards 
and forw^ards with the frequ.ency of the note emitted by 'the rod and 
thus setting up vibrations in the air within the tube. These waves 
started from the disc D are reflected back by the surface of the piston 
15, and thus stationary waves having fixed nodes and antinodes are 
set up in the tube. The position of the adjustable piston B is carefully 
adjusted until a resonance is produced, when the fundamental note 
emitted by the rod coincides with a harmonic of the enclosed air- 
column within the tube. 


When re.sonance is reached, the fine lycopodium powder is seen to 
be thrown into a state of violent agitation when the powdter will be 
seen to fly away from the loops (antinodes), the places of maximum 
displacement of air-particles, and will collect in heaps at the nodes, 
the places of minimum displacement of air-particles. In general, 
several nodes and loops will l)c formed within the tube as shown in the 
diagram. If i be the mean distance between two consecutive nodes, 
the wave-length of the longitudinal.vibration of air is 2/, andif n be 
the frequency of the note emitted by the rod it is also the frequency 
of vibration of the air in the tube, as the rod and the tube are in 
resonant vibration, and the velocity of the sound in air, 

=nx2l. Now for the simplest mode of vibration of the sounding 
rod, a node is formed at the middle where it is clamped and two 
loops ai-e formed at the two ends. So, if /' be the length of the rod, 
the wave-length of the longitudinal vibration within the rod is 21', 
and if F'be the velocity of sound in the rod, F'-toX'= 7 *X 2 ?'; so 
we have, 

F _91 length between tw o consecutive loops o r nodes 

V* ?»X 2C V length of the rod 
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The above relation provides a method of calculating V or F' when 
one of them is known ; and if frequency n be found by means of a 
sonometer and a standard fork, then velocity of sound in air^ and 
also in the rod^ can both be deierrmned. 

Velocity in different Gases. —compare velocities of sound 
in two gases, first fill the tube with one of tlie gases and find out the 
average distance 1 1 between two nodes formed at resonance. Repeat 
the experiment with the other gas and let the distance in this case be 
I 2 ; then, if Vi and Fg are die respective velocities in the two- 


gases, we have 


V\ _f 1 

F2 n^^l^ li 


77 (a). Determination of the Frequency of a Fork by 
Stroboscopic Wheel :— 

A Rtrobosco})ic wheel is simply a metallie disc, having a number 
of a equidistant rectangular radial slots arranged along the rim, 
mounted vertically on a horizontal axle which is meclianically driven 
at a known speed. The fork under test is placed on one side ‘ ■£ the 
wheel, the plane of vibration of the prong being parallel to the plane 
of th(^ wheel aiTd the longer side parallel to the longer axis of the 
slot when Ihe latter is vertical, n'he fork is run electrically and a 
strong light is focussed on a prong facing the slots. The wheel is 
set to motion and observation is made horizontally from the other side 
of the wheel. 


The speed of the wheel is gradually increased till the interval, in 
which one slot is replaced by the next, becomes roughly equal to the 
period of the fork, when the prong would appear to oscillate slowly. 
Next, when the said interval is adjusted exactly equal to the period 
of the fork, by suitably altering the speed of the whoti, the prong 
would Appear to remain stationary. This is what is called the 
stroboscopic principle. 

Knowing the number of slots on the wheel, and the rate of motion 
of the wheel, the period of the fork and thus the frequency of tlie 
fork can be determined. 


Questions 

1 . Describe in detail with a diagram an open organ pipe, and explain its 

mode of excitation.What effect is produced on the pitch and character of the 
note, if the open end is suddenly closed ? ((C. U. 1926 ; Pat. 1928) 

2. (a) Give an account of nodes and antinodes in open and closed organ 

pipes. (All. 1918, *22 ; C. U. 1931, 32; c/ G, U. 1949) 

(6) How are stationary waves produced in {i) an open organ pipe, 
(m> closed organ pipe 7 (C. U. 1947 ; of. All, 1945) 

3. What do you understand by pitch of a musical note V Two organ 

pipes of the same length are given, one open and the other closed. What 
should be the relation between the pitch of the fundamental notes emitted 
by them ? (C. U. 1924, ’26; Pat. 1921, ’39) 

4. What is the frequency of the fundamental note of an optn organ pipe 

4 ft. long 7 (Velocity of sound in air=1100 ft. per sec.). (C. U. 1950) 
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What would be the effect of (o) covering its open end, (ft) increasing the 
temperature, (Pat. 1930 ; C. U. 1950) 

(e) varying the nature of the gas enclosed in the tube (Pat. 1930), and 
(d) lengthening the pipe ? * • _ (C. U. 1950) 

[Hints ll00=nx (2x4) ; or, n = l37'5; (a) when one end is closed, the 
pitch will be halved. *«. will be lowered an octave ; (6) velocity will bo 
increased (see also Art 53) with the increase of temperature ; hence pitch 
will be increased ; (o) pitch increases or decreases with the increase or 
decrease of velocity whicli again vanes inversely as the square root of 
density of the gas*; and (d) pitch decreases with increase of length.] 

5. What will be the effect on the pitch of the note of an organ pipe, if 
the air in the pipe is replaced by carbon dioxide 7 (G. U. 1949) 

6 Wliat is meant b/ resonance ? Calculate approximately the length of 
the resonance box closed at one end on which a tuning-fork is to be moun¬ 
ted, the pitch of which is 256, the velocity of sound m air being 1120 ft, per 
sec. Would the same resonance box answer for a fork of another pitch ? If 
so, of what pitch ? (All. 1926) 

[Hints.—The resonance box acts as a closed organ pipe ; so F =4nl ; or, 
n20a 4 x 256xl; or, 1=^^. The box will also speak foV a fork whose 

•Ja 

frequency is 3 or 5 times the fundamental frequency ] 

7. The velocity of sound in hydrogen is 1296 5 metres jier second What 
will be the length of a closed organ pipe, tilled with hy'drogffn. which gives a 
note having a vibration frequency of 512 pe-r second (C. U. 19K; Dac. 1933) 

[Ang.: 63'3 cms. (approx i] 

8. What IS the frequency of the note emitted by a siren having 32 holes 
uud making 1575 revolutions per minute 7 A closed organ pipe sounding its 
Iiindaniental is in unison with the aliovo note. Wliat is tiie length of the 
pipe ? (Velocity of sound in air-1120 it. per sec.) 

[An*,; 840 ; J ft ) 
o 

9. Calculate the shortest length of a pipe 4 oms. in diameter which will 

be se.t m resonant vibration by a tuning-lork making 256 vibrations per 
second. (Velocity ol sound in air = Il40 metres per sec.) , 

[Ant : 32 cms.] 

10. Two organ pipes, open at both ends, are sounded together and four 
beats per second are heard. The length of the short pipe is 30 inches. Find 
ilie length of the other. (Velocity of .soiind=1120 ft. per sec.) (C. U. 1935) 

[An*. : inches ] 

11. What are the fundamental and harmonic notes of organ pipes, open 

,'ind closed ? (C. U. 1947, ’50) 

12 What effect is produced on the frequency and quality of a note given 
by an organ pijie, if the top is suddenly closed ? If the frequencies of the 
first overtones of the two notes so obtained diffci by 440, what was the 
original frequency ? (All. 1924) 

[An* : 880] 

13. The pitch of the fundamental note of an open pipe 100 cms. long 

is the .same as that of a .sonometer w'ire 200 cms. long which has a mass of 
one gram per centimetre. Find the tension of the wire. (Pat. 1937) 

[An*.: 4 356 x 10* dynes, taking F=330 metres per sec.] 

14. Calculate the I’hange of pitch of an open organ pipe 3 ft. long when 
the temperature changes from WC. to 15°C. 

[Ana.; ; ni»l-009] 



VIBfiA.TIONS OP Am-COLUMNS 60S 


15. The frequency of the funifamontal of an open and closed organ pipe 
i'! 128 c.p.s. Wliat are the frequencies of their first three overtones ? 

(G. U. 1956) 

lAnt. : 256. 384. 512 and 384, 640. 89^c.p..s.] 


16. The frequency of a note given by an organ pipe is 312 at 15"C, At 
what temperature will the frequency be 320 supposing the pipe to remain 
unchanged in length ? 


[Hmts.-F„=312A., anflF,=320X 
A«ata. (l+l. and 


16 


5^6~\-t c 546-l-t 40 , nn.jto/i 1 

561 561 “ 39 :-« 1 ‘°”'-»'= 29 - 4 ' 0 .] 


17. If an organ jiipe gives a note of 256 when the temperature of air is 
40’’O.. what will be the frequency of tlie note when the temperature falls to 
20’C. ? (Pat. 1946) 

lAn$.: 247-3]* 


18, Distinguish between forced vibration and reasoiiance and mention 
two practical applications ol each. 

Wliat should* be the leugtli of an open organ piiie which sounded 
together wiijj another similar pipe ol lengtli 30 inches would produce 
1 beats }ier .second ? 

(Velocity of sound in air=l,120 ft. per sec.) (Bihai, 1956) 

[ Ana .; 29,^ inches, ur 30,^ jnchea.l 
19 11 J 


19. How can the exislouce of nodes and antinoUes in a sounding organ 

pipe be dcinon.strated ? (C. U, 1937, ’50) 

20. I)(».scribe cxjieriinents demonstrating the existence of nodes and 

EUitinodes m an ojien organ pipe. (G. IJ. 1949) 

21. Suggi'st any experiment by winch you can iletenn.ii. the wave- 

l(*ngtli of^aiiy note lu air. (Fat. 1926)^ 

Show how the phenomenon of resonance can be used for directly 
determining tlie avo-length of a given note ol sound in air. (R. 11. 1952) 

22. How would you demonstrate that the best resonant length is ono- 

lourth the wuive-lengtli in the case of a closed pipe and one-half the wave¬ 
length in the case of an open pipe ? (Pat. 1929) 

[Hints.—Describe the resonant column experiment (vicis Art. 75). The 
tube i6 considered to be a closed *pine as one end of it is closed by water—a 
medium denser than air. After getting the first position of resonance (».«, 
for fs!\/4), rane the tube still further until a second position of resonance 
IS obtained. In thi.s position I=:3X/4. Raising it still more, a third position 
for f=5X/4 may be obtained. It will lie observed that the sound is loudost 
in the first case, and gats fainter and fainter for the overtones. 

In the second case hold the same tuning-fork in front of an open pipe 
(both ends open), the length (say, about 10 inches) of which is made 
adjustable by slipping up and down over it a tightly fitting roll of ordinary 
writing paper. Adjusting the length and proceeding as above, it will be 
olnervea that sound is maximum for I=X/2, and gets fainter and fainter for 
the overtones, *.e. for 1—2XJ2 and 3X/2, etc.] 

23. Explain the mode of vibration of an air-column closed at one end 

thrown into resonance by a tuning-fork. . (Utkal, 1952) 
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24. A vibrating tuninjs-fork is placed at the mouth of an open jar, and 
water is poured into the jar gradually. Explain what will happen. 

(o/. G. U. 1949) 

25. What is meant by the end-g^rrectiou of the length of a resonant 

air-column ? (R. U. 1955) 

26. Explain how you would determine the velocity of sound in air by 
an experiment of this kind, (C. U. '31, ’47 ; Pat. 1941. ’49, ’51, ’53 s Dac, 1933, 

’34. ’52; And, U. 1951; Anna. U. 1950 ; Utkal, 1948, ’49, ’53) 

27. Describe an experiment to hud out the velocity of sound in carbon 

dioxide. * (Pat. 1939; All 1922; c/. Dac. 1931) 

28. What is meant by resonance ? Show how the phenomenon of 
resonance ma,y be used to measure the velocity of sound in a gas 

<C. U. 1945) 

29. A cylindrical tube 100 cms. long, closed at one end, and of one cm. 
internal radius, is placed upright and filled with water, and a timing-fork oi 
frequency 510 is sounded continuously over its open end. Assuming the 
velocity of sound in air to ho 340 metres jier sec., describe exactly what you 
would expect to observe if the tube were gradu.ally eraptipfl (Pat. 1936) 

[.dm.- The tube will speak when the length'of the* air-column is 16. 
49*4,82*7 eras.] 

30. A tuning-fork, whose freqiieiicy is 410. produces re.sonance in a glass 
tube of diameter 2 cms. when lowered vertically m water : on lowering the 
tube further down another point of resonance is found. Eind the lengths 
of the air-column producing resonance. (F=340 metres per sec.) 

lAns : Ig » 61*59 cms.; 20*13 cms.] 

31. When a fork of frequency 512 is sounded, the diii’erence in level of 

water in a tube between two successive positions of lesonance is found to 
be 33 cms. What is the velocity of sound m air ? (G. U. 1949) 

lAna. i 33,792 cms /sec] 

32. Write a note on organ pipes. (Vis. U. 1955) 

33. Describe a stroboscopic wheel. How can the frequency of a tuning 

fork be determined with it ? (R. U. 1953) 


CHAFrER TX 

MUSICAL INSTRUMENTS ; PHYSIOLOGICAL 

ACOUSTICS 

78. Musical Instruments :—The musical instruments can be 
divided mainly into three classes—(a) Wind instrummts’\ (6) Strin¬ 
ged instruments ; (c) Percussion instruments. 

(a) Wind Instruments ;—^The "working o£ these instruments 
depends upon the vibration of an air-column. These again can be 
divided into two classes ; (») Insti'uments without reeds such as the 
flute, piccolo, etc.; (m) Instruments with reeds such as the clarionet, 
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liarmonium, etc. The most familiar example of the wind insiaraments 
is the organ pipe, which may be of the above two types, (a) one with¬ 
out reeds, known as the flue pipe, ai^ (6) the other with ree(^, known 
as the reed pipe. 

It is already stated that only a column of air of right length may 
be made to respond to a particular note. But in the case of a column 
of air contained in a pipe resonance can be produced by making a 
flutter ip the air at one end of the pipe. The pipe selects from the 
flutter (which is merely a combination of pubes of various wave¬ 
lengths) that particular pulse with which it can resound in order to 
prepuce a musical note. Thb is the principle of various musical 
in nearly all of which the sounding part is a column 

of air. 

The Flue Pij^e .—^The simplest form of this type is an ordinary 
organ pipe the principle of which has been described in Art. 71. The 
note emitted by this pipe depends primarily upon the length of the 
pipe. The fundamental note is given out at a certain minimum blow- 
'ing pressure by increasing which higher harmonics are given out. 

In the Organ, there is a set of jiipes of fixed pitch and the instru¬ 
ment is provided with a fixed keyboard as in harmoniums. 

The Reed Pipe .—In this instrument the air blast impinges on a 
flexible metal strip (Fig. 44) called the reed, which controls the amount 
of air passing to the pipe by wholly or nearly 
covering the aperture through which the air 
passes. The reed which completely closes the 
aperture of the pipe is called a henting reed, 
which belwves as a slopited end of the pipe, 
and the other by which the aperture is nearly 
but not fully closed, is called a free reed. 

Free reeds are used in harmoniums and 
American organs, where the wind is forced 
into a rectangular air-chamber at one side of 
which the reed is attached. The air presses 
against the reed and causes it to vibrate. A 
single beating reed made of cane is used at 
the mouthpie<*e of a clarionet. 

(b) Stringed Instruments,—Jn i^is 
class the note is produced by the vibration 
of strings kept under tension, sush as the 
harp, piano, violin, esraj, setar, etc. 

(c) Percussion Instruments .—These are tuned to a fixed pitch, 
such as the kettle-drum, tambourine, etc, in which the vibration of 
air is produced by striking with a hammer a stretched membrane or 
a metal plate. 



Fig. 44—Reed pipe. 
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79. The Phonograph :—^Long before the invention of the 
phonograph, Thomas Young, an English scientist, succeeded in record¬ 
ing sound vibrations on a rotating drum. 
It was ''Chomas Alva Edison, an Ameri¬ 
can, who in ] 807 invented the phono¬ 
graph by which it was possible to record 
as wcU as reproduce sound vibrations. 
The phonograph consists of a funnel 
which is closed at the lower end by a 
thin glass or mica diaphragm D (Fig. 45). 
When sound vibrations are directed 
into the funnel, they set the diaphragm 
into vibration, and with it, a pointed steel 
or a chisel-shaped sapphire crystal /S’, 
attached at the centre, also vibral(‘s. The 
chisel, is in contact with a cylinder C of 
liaraffin wax, and, at the time of vibra¬ 
tion, cuts a groove of varying depth on 
the cylindei* which is rotated, and at the 
same time moved lengthwise by clock- 



Fig. 45—The Phonograph. 


work. The depth of the groove is not uniform but corresponds to 
the strength and complexity of the vibrations communicated to I). 
The cylinder is thus a faithful record of the sound vibrations 
directed at F. 


To reproduce the sound, a smooth sapphire point, attached to a 
similar diaphragm fitted in a frame, called the sound-box^ is placed at 
the beginning of the groove of the cylinder which is rotated and 
shifted sideways at the same speed as before The sappliiie point 
rises and falls in accordance with th(‘ height and depth oi the groove, 
and thus the diaphragm of the sound-box reproduces exactly the 
movements of tlic diaphragm D of the recorder. These movements 
communicated to the air produce the same sound which was originally 
directed into tlie funnel F. 


The materials with which the phonograph records are jirepared 
being very soft, the records do not last long and so the reproduction 
is not very faithful. 

SO. The Gramophone :—It is a machine for the recording and 
reproduction of sounds, vocal or instrumental, such as, music, speech, 
etc. it is a more improved apparatus than the phonograph. The sound 
records are made in the form of flat discs in which spiral grooves 
representing sound-tracks ran from the rim to the centre. The grooves 
are of varying width and not of varying depth, as a result of which 
the resistance to the movement of the needle along the furrow is 
much less than in the phonograph and so the reproduction of sound is 
much more faithful. Moreover, the discs are made of a matrix 
(composed of shellac, tripoli powder and other ingredients) which is 
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much harder than the wax used in the phonograph and so they do 
not deteriorate with use so easily. 

R.€cording of Sound .—The •modern method of recording is 
electrical. The source of sound is placed in front of a microphone 
by whose mechanism ^e current passing through it is fluctuated. 
This fluctuated current is amplified to the required extent by the use of 
thermionic valves. The amplified fluctuating current is used to actuate 
a cutting chisel upon a disc of wax by the principle of clootro-magne- 
tic action. This record of wax is called the negative. An electro¬ 
plate of it is made on a copper disc by electrolysis. This electro¬ 
plate is called the ‘mother shell' or the ‘parent record', or the positive. 
Two working matrices' of two different musics are made from two 
such mother shells and are fixed to the top and bottom plates of 
a hydraulic press with their recorded surfaces facing each other. 
The recording material (the disc), previously warmed a little, is 
placed in between the two working matrices and the two records are 
stamped on the two faces of the recording material by pressure. 

Reproductipn of Sound—This is done through the mechanism 
of a fsou7i(i-ltox which has a needle, with a pointed end, rigidly screwed 
to the shorter arm of lever system (Fig. 46). The nei'dle slides on the 
spiral grooves of the record, the record being made to rotate at a 
uniform speed with the help of an adjustable yore?nor, by tlie action 
of the energy of wound spring. The end of tlu- longer arm of tlie 
lever is fixed to the eentre of a circular mica diaphragm. The diaphragm 
is mounted between rubber rings called t.s, and forms the front of 
a cylindrical metal-box called the 
(•ound-box. The vibration of the 
needle running on the furrows s(‘ts 
the diapliV-agm to motion, reproduc¬ 
ing the recorded sound. The sound¬ 
box is connected to a metallic coni- ^ 
cal pipe called the tone-arm^ which 
is capable of moving freely about a 
vertical axis. The tone-arm with the 
sound-box gradually moves to the 
centre of the record as the needle 
slides on it. 'I'he sound from the 
tone-arm is finally magnified 
through a horn which is usually 
housed within the cabinet. The 
lever system is balanced on a knife- 
edge forming the fulcrum. The vi¬ 
bration of the lever is controlled by 
two springs as shown in the figure. 

In the Radio Gtamophone, 
the mechanical sound-box is replaced by an electric *pick-up' by the 
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Fig, 46—The Sound-box. 
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mechanism of whicli a periodically modulated feeble current is ob¬ 
tained as the needle slides on the grooves of the record. This feeble 
modulated current, after suitable amplification through a combination 
of thermionic valves, is led through a loud speaker by which a volu¬ 
minous sound commanding a large assembly of audience is reproduced. 

Physiological Acoustics 

81. The Ear :—The human ear (Fig 47) consists of three parts 
—(a) the external ear (or pinna) by which the sound-wave is collected; 

(6) the middle ear (or drum) 
in which the vibrations are 
transmitted from the external 
ear to (c) the internal ear 
(or labyrinth). 

(a) External Ear .— 

Starting from the outside, 
there is, in the first place the 
external ear ,E'(the part exter-. 
nal to the head) from which 
extends the ear passage, called 
the external auditory meatus 
down which the air-vibra¬ 
tions travel. This is closed at 
its end by a stretched mem¬ 
brane called the membrana tympani T, beyond which lies the 
cavity, called the ear drum or tympana or the middle ear. 

(b) Middle Ear —^This cavity is bounded upon its outside by 
the tympanic membnine and its inner side by bony walls except at 
two places, the fencstia ovalis 0 and the fenestra rotunda R where 
membranes are stretched. A combination of three little bones or 
o'^siclcs, the first of which is the malleus m or the hammer bone, 
extends from the inside ot the tympanum. This bone communicates 
with the internal ear through two other bones, the anvil i (or incus) 
and the siirritp s (or stapes), the buse of which is fjoined to the 
fenestra ovalisj which separates the middle ear from one part of the 
inner ear. The middle ear is connected to the throat by an eusta- 
chian tube Eu. This tube is usually closed, but the action of 
swallowing opens a valve in this tube and serves to keep the air- 
pressure inside the middle car equal to that of the atmosphere. Ear¬ 
ache is often caused when the valve does not work and due to which 
the outside pressure becomes greater than that inside so that the 
bones are pressed hard causing painful results. 

(c) Labyrinths —It is a complicated structure having a set of 
cavities. The cavities have bony walls, called the osseous labyrinth, 
and internal membranes, known as the membranous labyrinth. 
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The osseous labyrinth consists of the following—(l) Vestibule V in 
the outer wall on which lies the fermtra ovalis. Through the inner 
wall of the vestibule the-divisions oi^the auditory nerve A enter into 
the internal ear. (2) Cochlea C) at the entrance to which lies the 
fenestra rotunda. It is a spiral canal like the form of a snail shell. 
It contains a fluid which receives and transmits vibrations to the 
auditory nerve. In this canal there is a membranous partition, called 
the basilar membrane which i>lay.s fin important part in the act of 
hearinn;; (3) The semi-(‘ireular camilb <SV servo to nciintain equilibrium 
and do not take ])art in the hearing. 

The membraneous labyrinth contains a fluid, endolymph, and 
betw(‘cn it and the osseous labyrinth is another fluid penlymph. 

82. How we hear :—The waves ]>rodiiccd in the air by the 

vibrations of the pounding body are collected by the pinna and these 
waves passing through the audflonj meatus strike the tympanic 
membrane which is forced to execute corre.sponding vibrations. 
These vibrations are transmitted through the three little bones in 
•succchsion, the the and the stapes, to the membrane 

of the fenestra ovalis of the inner ear. 'llic vibrations of the fenestra 
ovali'i start w:ives which rofieh the cochlea where the vibra- 
lion.s are handed on by the fluid to the- basilar uusabrane. The 
vibrations, so generated, actiifite the iuiditory nerve and the brain, and 
giv(‘ ribO to the beii'^ation of sound. 

83. The Human Voice The vocal organ can be compared 
to a double reed orgfin pipe Tin voice is produced by forcing air 
from the lungs through the spaci'between two stretclicd i aunbranes 
V, V called the vocal chords, which ai'c stretched acros.:! the toj) of 
a wind pipe, called the trachea, with a mirruw slit, called tlx* vocal 
slit, between them, the two <*dgos of tlic slit acting as reeds (Fig. 48). 
The two membranes are attjched to mus¬ 
cles by which their tension and vibration 
frequency can lie altered. The trachea, or 
the wind pi])c of the thro„jt, h’ad- to the 
lungs fit one end, and at the front part 
of the throat it forms the vibrating jiart, 
called the larynx or the voice-box. 

The edges of tlic membranes arc set 
into vibrations like r^cds by the air from 
the lungs and thus sound is produced, the 
pitch of which can be altered by altering 
the tension of the vocal chords, and the 
quality of which depends ujion the air-cavities of the nose, throat, and 
mouth, which act as resonators, the shape and the size of which tho 
speaker can vary at will. 

39 



s 

Fig. 48—Vocal Organ. 
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The vocal chords are much longer in men then those in women' 
and children, and so the wave-length of sound emitted by a man ia 
much longer than that omitted by,a woman OP child. Thus a female 
voice is o f higher pitch than that of a male voice. 


Questions 

1. Describe a phonograph and explain its action. 

(And. U. 1951 j Dac. 1912; C. U. 3932, ’47) 

2. Deictibe the gramophone. What is the function of the horn ? 

(All 3923. ’32) 

3. Summarise your knowledge about a gramophone sound-box. 

(U. P. B. 1938) 

4. Describe a gramophone. How is sound recorded and reproduced 7 

(East Punjab, 1952; Nag. U. 1950; U P. B. 1949; Pat. 1948, ’52; 
cf. Benares, 1953). p 

5. Give a brief account of the different parts of a gramophone and describe 

the various stages in the propagation of the sound from the origin to the ears 
of the hearer. (Pat. 1931; c/. C. U. 1946; G. U. 1950) 

6. Give a brief description of the human ear with a neat diagram and' 

mention the functions of the different parts. (C. U. 19334 ’38) 



APPENDIX (A) 

AERONAUTICS 

CHAPTER I 

THE ATMOSPHERE 

t. Aerodynamics and Aeronautics:—Aerodynamics is a 
general name for that part of Physics which deals with the properties 
of any gaseous medium in motion. Aeronautics is a specialised 
branch of it which, in particular, deals with the behaviour of atmos¬ 
pheric air when an aircraft moves through it. 

2. Facts al^out the Atmosphere :—Before proceeding further 
to study the principles on which the flight of an aircraft depends, the 
following facts about the atmosphere should be well remembered— 

(A) Extent of the Atmosphere and the Variations of 
Pressure and Temperature with Altitude .—^Thc composition of 
the atmosplfere has been dealt with in Part 1, and it will be noted 
from there that nitrogen, oxygen, argon, and small traces of some 
other gases are the constitutents of air and the porccntago of compo¬ 
sition slightly varies from one place to another. As the atmosphere 
extends upwards, the density of the air diminishes. Opinions, however, 
vary as to how high the atmosphere reaches. Some estimate the 
height to be as great as 200 miles even {vide Art. 304, Part I). In 
Art. 303, Part 1, it has been described how the temperature of the 
atmosphere falls as the height increases. Roughly speaking in the 
lower belt of the atmosphere which is known as the troposphere^ the 
temperature steadily falls at the rate of about l^F. for every 300 ft. 
increase in height, and in the upper belt which is known as the 
stratosphere^ the temperature is more or less steady near about —60“P. 
and does not alter with the increase of height. 

The average pressure of the atmosphere at sea-level is about 147 
Ibs.-wt. per sq. inch, which changes from place to place and from day 
to day with changes of weather and temperature. The pressure 
decreases with increase of altitude. It has been estimated that about 
one-half of the total weight of the atmosphere is concentrated in the 
first 18,000 ft. In Art. 303, Part I, greater details about the variation 
of pressure with altitude is given. It should be remembered, however, 
that the pressure exerted by air in motion, may be greater or less 
than the pressure exerted by air when stationary^ according to the 
nature of its motion, and from these pressures the forces of lift and 
drag (discussed later) on an aircraft are obtained. 

(B) Air Resistance .—^Due to the fact that air has weight and 
that it is always subject to convection currents, air offers resistance to 
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any body which moves through it, and this resistance, for^a body of 
given shape, and given relative motion, depends upon the properties 
of (i) viscosity, (u) elasticity,‘and Xw/)linertia, of the air. 

(i) Viscosity.—^It is an inh^ent propoAy of all fluids and has 
been dealt with in Arts. 223 to 229, Part L Due to its existence, 
when any relative motion occurs between parts of a fluid, internal 
forces of frictional character are set up within the fluid which tend 
to retard the relative motion. This phenomenon clearly shows that 
the molecules -of a fluid are mutually interlocked, the strengths of the 
bonds of interlocking vary, however, from one fluid to dnothcr 
depending on the viscosity. So when a body moves through air 
(which is a kind of fluid) and the layers of air in contact with it are 
moved, tU(*y also cause layers next to them to move to some extent. 
The types of movements that are caused in the neighbouring layers 
depend on the shape of the moving body and the magnitude of its 
■ motion relative to the air. When this relative motion is high, eddies 
or vortices are formed m the air around the body. It will be seen 
later that these eddies cause many phenomena connected with flight, 

(m) • Elasticity ,—The tendency of the air-particles to ro-occupy 
former space from which they are disturbed is due to'^that property of 
air which is known as its volume elnstinty {mde Art* 217, Part I). 
With increase of altitude when the pressure falls, the tendency of air 
to expand and thus to reduce in density arises out of this property. 

(nf) Inertia .—It is a property common to all matter (arising out 
of mass or density) due to which air tends to be at rest or in steady 
motion, and resists any attempt to change such rest or motion. 

(C) Density.—The Density of the air depends on the atmos¬ 
pheric iiressurc. It is greatest at the sea-lcvcl and decreases with 
altitude. At sea-level the density of air is about 0*08 lb per cu. ft., 
and at 20,000 ft. it is only 0*042 lb. per cu. ft., which is about one- 
h^f of the first value. It is the density of air which makes all flight 
possible, as an aircraft is supported in the air by forces entirely 
dependent on the density ; the less the density the less the weight 
lifted and more difficult does flight become, and in vacuum any flight 
is impossible. , 


An idea about how the density of air decreases with increase of 
altitude will bo obtained from the following table.— 


Altitude 

Density 
(Ib./cu. ft.) 

Altitude 

Density , 

(Ib./cu. ft.) 

Sea-level 

0-0800 

15,000 ft. 

0*0503 

1,000 ft. 

0 0778 

20,000 .. 

0-0426 

5.000 „ 

0-0689 

30,000 

0-0298 

10,000 

00590 

40,000 .. 

0-0197 
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(O) Humidity .—At the lower levels of the atmosphere water 
vapour is always present. The amount of it varies with the season 
and diuiiniahes with the increase of altitude. Under iiidentieal con¬ 
ditions of temperature and pressure, the density of water vapour is 
ouiy ihree-fifUi!f of that of air and so tlie pressure of water vapour 
diminishes the pressure and density of the atmospheric air. 


CHAPTER II 
AIR RESISTANCE 

3. Streamfines : —Wlieiiever a body is moved through ah' 
(or any other fluid), or the fluid flows past a body, there is always 
])rodueed a (lefiiiite resistance t(> its motion. This resictnnee is 
usLiaJIy tcriuec^ drag in u'roiuiutical W(*rk. The cfleet of this 
resistance 14 thi viscous fiiiid is to set ui> displacements in the shape 
of eddies in the fluid. 

In such casts two inodes of flow lake plaee ; (a) turbulent flow. 
and (/>) stfenmhne flow. In Art. 220, Part 1, the natures, of both 
these types of flow have been described and it ha.« been pointed out 
that the streamline (or laminar) flow dcgencrat(‘s into turbulent flow 
when a certain relative velocity, known as cntiral veloniy^ is 
exceeded. So when a body moves with an excessive velocity through 
a viscous medium, turbulent motion causing eddies and vortices 
results and the resistance to motion of the body increases, the 
magnitude of which depends also largely on the shape of the body 
but if a body is so shaped as to produce tiie least possible eddy 
motion and so the resistance to motion is also much reduced thereby, 
then it is said to have a streamline shope^ and the line.s round the 
body interi)Osed in the fluid showing the directions and shapes 
of the dishirbances are called streamlines. These streamlines 
enable us to understand the nature of the flow of the fluid past the 
body. 

As it is difllctilt to investigate the disturbances on an aircraft, 
while in actual flight, most of the fieronautical experiments for 
studying the phenomeua of flight are carried out by scientists in the 
laboratory by using some form of Wind Tunnel,* in which air 

* A wind tunnel is nothing but a suitable chamber in which, say, a model 
of an aeroplane is kept and an artificial high speed air-current la produced 
across it by the action of an air-screw (wdii Art. 29). The temperature of 
this blast 18 also simultaneously kept very low by means of a refrigerating 
plant. 
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is made to flow past a model of aeroplane which remains at rest 
relative to the tunnel. The effect is the same as if the body were 
made to move through still air, because it is the relative motion of 
air to the aircraft, or the aircraft to air, which really matters in 
the investigation. 

Air Speed and Ground Speed .—True air speed of an aircraft 
is the speed relative to air, that is, the speed with which it would 
travel in the absence of wind ; while ground speed means its speed 
relative to the earth, or the actual speed over the ground. For 
instance, if the normal speed (air speed) of an aircraft flying from A 
towards B be 100 m.p.h.. while wind is blowing at 40 m.p.h from B 
towards A, the aircraft will reach B with an actual speed (ground 
speed) of 60 m.p h. 

ItivS possible to study and photograph streamlines and eddy 
motions by introducing smoke into the air-flow in wind tunnels, or 
coloured jets into the Water Tank Experiment described below. 

Water Tank Experiment —^The apparatus for demonstrating 
streamline flow of liquids consists of a rectangular reservoir at the top 

divided into two c(Mnpai’tnients Cy 
and Ci IFig.l, (A)] by tWo gla^s iilates 
P\ and /*2 b(*i)arat(*d by a distance 
of about 1 nnn. These plates have 
equidistant perforations inside the 
reservoir (as Ti), the perforations 
in Pi being alternate to those m 
p2- One of the compartments C\ 
is filled up with clear water and the 
other C 2 with a coloured water, 
say, water coloured with jiotassium 
permanganate. Now, the liquid 
flowing down between the plates 
from both the compartments collects 
at the bottom and finally flows out 
through a rubber tube provided with 
a pinch-cock. On opening the pinch- 
cock clear water from Ci and 
coloured water from will flow 
down between the plates through 
alternate perforations. The violet-coloured tracks will show the 
parallel sia’camlines along which the water flows, and they finally 
<;urve inwards towards the end. Due to the colouring material the 
streamlines are made visible to an observer. The actual apparatus is 
shown in Fig. 1, {a\ where a thin body made of gutta-percha has been 
introduced in the stream between the plates to show the distortion of 
streamlines due to its shape. Similarly, small bodies of different 
shapes can be introduced to show how the streamlines arc distorted 
in each case. 



(«) . ( 6 ) 
Fig. 1—Water Tank Experiment. 
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4. Effect of Shape :—One great object of the designer of 
aeroplanes is to reduce the eddy resistance to an absolute minimuna, 
and much experimental work has been carried out with this in view. 
Ilesults show that the shape of a bttly has a striking effect on the 
amount of drag produced, and that enormous advantage is gained by 
adopting a ‘streamline^ shape, the example of which in nature is the 
outline of a fish. Wlicn air flows past a perfectly streamlined body, 
no eddies are created in its neighbourhood. 


Fi^. 2 shows some of the streamlines flowing past a few bodies of 
different shapes. It will be noticed in 
Fig. 2,(a) that, in the case of a flat plate 
the airflow breaks up after p.-issing the 
edge of the plate into a series of eddies 
and vortices, the size and nature of which 
will also be influenced by both the velo¬ 
city of the airflow and the linear dimen¬ 
sion of the i)late. It will also depend on 
the inclination of the plate to the direci- 
tion of air flow# Fig. 2, {(>) shows that 
owing to its [)osition both sides arc 
'ifl'ected by the air-current. Streamlines 
at the bottom are deflected downwards 
and eddies are formed at the lower edge, 
whilst on the top there are sirnihir 
eddies and also regions of lower pressure 
due to the distortion of the straight line 
motion of the air-current. When, however, 




the obstacle has got a suitably curved 
sliai)C as in Fig. 2, (c), the air or fluid 
passes over and behind the body in 
unbroken smooth lines, termed stream¬ 
lines, and the obstacle giving rise to a 
definite streamline pattern is usually called 



a streamline body. 

^ . xr n X 1 Fig. 2—Effect of shape. 

On comparing the flow past^ a rough 

obstacle with that past a streamline body, we notice that in the 


former case large portions of the fluid spin around as if they were 
detached portions of the fluid. These isolated portions of the fluid 


-are called eddies. A ball thrown in air and moving with spin will 
require more energy than when it is moving without spin. Au eddy 
differs from a fluid moving in a streamline manner in the same way 
as a ball moving with or without spin in air. For an aeroplane having 
a rough shape, the energy of the spinning fluid of the eddies must 


ultimately be derived from the engine, and so, such bodies will 


tend to slow down the motion and produce inefficient flight. 
Streamline shapes are, therefore, necessary for the effiamey of the 
aircraft. 
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5. Resistance to Motion :— The above experiments show that 
the resistance offered to a body in relative motion with a fluid is made 
up of two parts : (r? ) Eddy Resistance ; (/>) Skm Friction. 

(a) Eddy Resistance. —^Thii is the portion of the resistance due 
to eddies formed when a viscous fluid flows pa^^t a solid body and we 
no longer get a smooth streamline flow, d’he extreme example of 
this type of resistance is the ease of a flat plate held at right angles to 
the fluid or wind [Fig. 2. (u)J. The resistance in this case is very large 
and the pressure in front of the plate is greater, and tliat behind the 
plate is^less, than that of the atmosphere which causes a kind of 
sucking effect* on the plate. The space imnjcdiately behind the 
plate is not traversed by streams of air and is called a dead space. 

ib) Skin Friction . —^This is the resistance due to friction 
between the surface of a body and the layer of air next to it. Also, 
due to the viscosity of tlie air, layers near the sipdace will tend ta 
retard those farther away, 

6. Resistance Formula : —It can be proved and verified by 
experiments that when a body passes through air, the resistance 
R on it depends within certain limitations, on the following factors— 

(t) The shape of the body ; (?d the surface ; {??/) frontal area of 
the body exposed (in sq. ft.): (ec) the square of the velocity V of air¬ 
flow (in ft. per sec.) ; (r) the density p of the air (in lb. per cu. ft); 
(ve) acceleration of gravity ^ (in ft. per scc.^). 

Thus, we have the resistance formula, R=—— Ib.-wt., where 

g 

jS" is a constant depending on tlic shape of the body, the value of 
which for a flat plate is 0 0 and that for a streamline is 0‘03- 

7. BernouillVs Theorem: —Before jiroceeding fu^'ther we 
should consider here a theorem, known as Rernowlh*s Theorem^ 
which states that in the flow of an ideal {i.e. not viscous) fluid the sum 
of the potential energy, kinetic energy, and the pressure energy is a 
constant. This theorem can be roughly verified by an experiment with 
the Venturi-tube illustrated in Fig. 3. 

8. Venturi-Tube Experiment,: —A metal tube AB diverging at 

tlie two ends and having a narrow neck in 
the middle is connected to a horizontal glass 
tube TT, containing a coloured liquid by 
means of a number of narrow manometers 
(I/). When, the reservoir R is half-filled 
■with the coloured liquid, the liquid stands 
at the same level in all the tubes. This 
happens at normal incssure over all the 
tubes. When, how^ever, an air-stream from 

a wind tunnel passes through the Venturi-tube, the speed of the air in 
AB will change from place to place due to which the liquid level in 
several of the inner manometers will rise. The greatest increase in 
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bcigkt will be observed in the narrowest part of the tube, where the 
speed of the air is also greatest. But as the liquid levul rises in 
tlie manometers due to ^reduction of pressure, we have this somewhat 
unexpected fact tlmt the of the air falh when its speed 

increases. 

As the change of potential energy is negligible, the inorcase of 
speed (and hence of kinetic energy) is obtained by losing some of its 
pressure energy. Hence it illustrates the Bernoiiilli^s theorem stated 
abovo. This venturi-effect, as it is called, is employed in many 
scientific devices in order to produce a reduced pressure. 


CHAPTERIIII 

AEROFOILS (OR WINGS) : FLAT AND CAMBERED 
SURFACES : LIFT AND DRAG 

9. Principles of Flight: —Let ub proceed now to con',ider the 
question of wl^y it is that an aeroplane is capable of flying through 
air. In order that an heavier-than-air machine can fly, there muot be 
some means of forcing the air d(»wnwards so as to provide the equal 
and oi»po.sitc reaction which will HU the weight of the machine, and 
in the conventional aeroplane this is provided for by wings, which 
arc incline<l at a snmll angle to the dinction of motion. The neces¬ 
sary force driving the machine forward is obtained by the thrust of 
an airscrew. The wings (or aerofoils) are always slightly curved, but 
let us consider the case of a flat plate first, as in the original attempts 
of flight flat surfaces were used. 

JO., Flat Plate inclined to Air{Current : —lox simplicity wo 
suppose tliat a flat plate A B is at rest and that the air-current flows 
past the plate AB which is inclined at an angle «t to the direction of 
the airflow (Fig. 4). In Fig. 2, it has been found that in this 
position both sides of the plate are afl'ected by the air-current, due to 
which pressure of air on the top surface is decreased while that under- 
neadi the plate is increased. Each of these pressui'c-changes produces 
forces Bi and acting upwards on the plate 
giving rise to a resultant force J?, which is 
practically normal to the surface when the 
angle < is small. The force Bi arising from 
the decrease of pressure pulls the plate up, 
and the force B^ arising from the inertjase of 
pressure pushes the plate up {vide Venturi- 
Tube expt). The force B\ called the total 
reaction, can be resolved into two compo¬ 
nents at right angles—one horizontal, 1)^ and 
other vertical, L, acting upwards. The com¬ 
ponent L, called the hitf balances the weight of the plate, and the 
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component D, called the drag^ resists the motion through the air. 
Obviously, the L component which supplies the lifting force to the 
plane is of profound importance. For equilibrium the L component 
must equalise the weight W of th^ plate. If W is greater than the 
plate will fall, and if less, it will rise. 

Actually in practice the flat surface is inefficient as a means of 
lifting because of the total resistance oftcrod, and therefore the total 
engine power which has to be employed, is very high in comparison 
with the lift obtained, from it. . 

11. Aeroplane and kite :—^The flight of an aeroplane is much 
like that of a kite floating in air {vide Art. 58, Part 1). In the case of the 
aeroplane the rush of air past the wings is due to the motion of the 
aeroplane itself through the air rather than to a wind, as is the case 
with the kite. The tension of the kite string here corresponds to the 
forward thrust of the propeller. The L componept balances the 
weight of the machine, while, for equilibrium, the D component must 
be counterbalanced by an equal force which is obtained by the action 
of the screw-propeller. On increasing the propeller speed, the forward 
thrust and Ji increase. Consoqnontly, the L coui^)Oiiont becomes 
greater than the weight and so the aeroplane rises 4t should be 
noted that the air-pressure depends only on the rate and direction 
with which the air and the body meet, .and the result is the same 
wliethor the body moves to meet the air, or the body remains still 
and the air flows against it. Obviously, the greater the velocity with 
which the aeroplane and air meet the greater will be the air-pressure. 

12. Cambered Surface :—The advantage of using a suitably 
curved (or cambered as it is termed) surface, instead of a flat one, was 
soon discovered by which a much greater lift, especially when com¬ 
pared with the drag, could be produced. In this, the eddy distur¬ 
bances due to the distortion of the streamlines can be minimised 
and so the efficiency of the system can be increased. Thus the 
modern aerofoil has both the top and bottom surfaces cambt'.red. The 
top camber is greater than that of the bottom surface as due to this 
the lift component has an appreciably higher value over a wider 
range of the angle of incidence. The additional advantage of the 
curved surface is that it automatically provides a certain amount of 
thickness which is necessary for structui*al strength. The thickness 
is expressed as a percentage of the chord and for general use the best 
top surface camber is about 11 per cent, of the chord, while for high 
speed it should be only 7 or 8 per cent. 

AIRFLOW AND PRESSURE OVER AEROFOIL 

23, Some Definitione :—A transverse section of a wing (or 
aerofoil, as it is called) of an aircraft is shown in Pig. 5, where along 
^c front of the aerofoil at A is the leading edge, and at the rear at B 

is the trailing edge. 
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The line AB joining the centres of curvature of the leading and 
trailing edges is called the Chord. 

Camber is the curvature 
of the aerofoil of both the top 
and bottom surfaces. The 
greatest height of the top or 
the bottom surface, when divi¬ 
ded by the chord length, is 
called the camber of the res¬ 
pective surface. Camber 
decides thickness of the 
aerofoil. 

Angle of Attack is the 

angle between the chord line 
and the relative airflow, which S-Airflow over Aerofoil. 

is the direction df the airflow with reference to the aerofoil. 

\N.B . —^The angle of attiick is often referred to as the angle of 
incidence, but it is better not to use this term in order to avoid 
confusion with fiic Rigger^* angle of iucidciice, which is the angle 
l)etwccn tho’chord line and some fixed horizontal data lines in the 
aerojfl.ine. fi'or a given aeroi)Janp tliis angle is fixed, whereas the 
angle of attack may alter during flight.] 

The total length of the aerofoil ])crpendicular to tin* section is 
called the span ; and the ratio of the span to the (*hord ia called the 

aspect ratio. 

14. Airflow past an Aerofoil Experiments show the follow¬ 
ing results when a typical aerofoil moves through air at a small angle 
of attacl»(e/de Fig 5)—(a) A slight upward deflection, called up washy 
occurs in front ; and {b) a considerable downward deflection, called 
downwashy occurs b(*hind the wing. The downwash is important as 
it affects the direction of the air striking the tail plane or other parts 
of the aeroplane in the rear of the main plane ; (r) A smooth stream¬ 
line airflow takes place over the top and bottom surfaces ; (d) The 
streamlines are closer above thp top .surface than over the bottom ; 
ie) Above the top surface the speed of airflow is increased and below 
the bottom surface it is decreased ; (/') The pressure of the air above 
the wing is reduced below the normal atmospheric pressure due to the 
increased speed of the airflow ; and (^) the i)re8sure below the wing is 
increased due to the decreased speed. 

Though the facts stated in (f) and (g^) appear to be puzzling at 
first, it can be explained by the Vcnturi-Tube experiment. Here the 
upper surface is somewhat similar in shape to the lower half of the 
Vcnturi-Tube and the closer streamlines above the highest part of the 
camber resemble those passing through the neck of the Venturi- 
Tube. 
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As stated in the case of a flat plate the decrease of pressure above 
the wing surface produces a force Bi —which is au important part of 
the total force—pulling the wing up and the irjcrea&e of pressure below 
the wing gives rise to a force Ila* pushing to wing up. These two 
upward forces give us the resultant force R acting approximately at 
right angles to the chord line. But the decrease of pressure above the 
wing surface is more important, for to this is due the greater part of 
the hft force. Roughly about two-thirds of the total load on the wing 
may bo attributed to this decrease of pressure while about on/i-third 
may account for the increase of pressure on the lower surface. 

{Note,-— It should be noted here that the common idea is that the 
airflow moving away from the upper surface of the wing causes a 
partial vacuum and thus provides a lift force, but this is wrong. In • 
fact, the greater will be the increase of speed as the air is drawn 
closer on to the upper surface of the wing, and by the consequent 
reduction of pressure the upward force produced will be greater.] 

15. The Centre of Pressure .—The point in the chord line 
through which the total force R may be considered to act is known as 
the centre of pressure. It h.as no fixed position but yarios according 
to the speed and the angle of attack. , 

(a) Distribution of Pressure over an Aero foil.•“'The distribu¬ 
tion of pressure over the surface of an aerofoil has been experimen¬ 
tally determined, and its study is of great im])orttincc. The method 

consists in distributing a number of glass 
tubes, which arc placed i>arallel to the 
dii ection of motion, over the upper and 
lower surfaces of the aerofoil. These are 
connected to a manometer, and difterent 
pressure are ascertained. Fig. 6 shows 
the pressure distribution over *an aero¬ 
foil at an angle of attack of 5°, from 
which the following observations are 
made (a) The pressure is not evenly 
distributed both the decreased pressures on the top surface and the 
increased pressures on tlie lower surface being most marked over the 
front portion of the aerofoil; (b) the greatest pressure-decrease (and 
hence the largest forces) occur on the top surface, and it is near the 
leading edge and over the highe»t ])art of the camber ; (t) the decrease 
in pressure over the top surface is greater than the increase on the 
lower surface. 

From this it is seen that tlio shape of tlic top surface is of great 
importance. Jt is die top surface, which by means of its decreased 
pressures, provides the greater part of the lift, and, at some angles of 
attack, this decrease of pressure on the top surface gives us as much 
as four-fifths of the lift. 

( 6 ) Movement of Centre of Pressure ,—Experiments show that 
the distribution of pressure over the aerofoil changes considerably 




Fig. 6—Pressure Distribution 
over an aerofoil. 
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■witli the chaoge of the aagle of attack and consequently the centre of 
pressure (C. P.) moves. The position of C. P. is usually defined as 
a certain proportion of chord behind the leading edge. The movement 
of C. P. is an inconvenient property’ of the aerofoil, for unless its 
centre of gravity (C.Gl,) and C P. coincide, there will be a turning 
effect about C. Cr. To understand this let us suppose that for a certain 
angle of attack the C. G. and C. P. coincide. Now, when the angle of 
attack increases there will be a forward movement of C. P. and so 
there will be a turning movement about C. G. equal to where i? 
is the £otal wind thrust and x the distance between C. P. and C. G. 
This moment will rotate the aerofoil and still further increase the 
angle of attack and thus the equilibrium will be disturbed. 

In any case, large moments of C. P. will make the aeroplane 
difiicult to I'ontrol and so in u good aeroplane the movement of C. P. 
should be limited which is obtained by a suitable bi-convex cross- 
section or by indi-easing the aspect-ratio, for example, by tapering the 
wing. 

16. Lift and Drag .‘—In practice the direction of motion of an 
• aeroplane is not always horizontal and so the L component is not 
always vertical. It is usual to split up the total reaction R into two 
components, L and D, relative to the airflow —^the component L which 
is always perpendicular to the direction of the airflow (or motion) is 
called lift, and that parallel to the direction of the airflow is called 
drag, which is always opposite to the direction of motion. Lift is used 
to balance the weiglit of the .aeroplane and keep it in the air in level 
flight. Other parts of the aeroplane as tailplane, elevator, etc., may 
provide further lift forces when desired. Dfag is the enemy of flight 
and every effort must be made to reduce it to a miuimnm. Only in 
normal l^vel-flight the lift is vertical and the drag horizontal, but if, 
in turning, the wings of an aeroplane assume a nearly vertical posi¬ 
tion, then the lift (L) is nearly horizontal. Lift is always perpendi¬ 
cular to the direction of motion and drag is always opposite to it. 


17. Lift and Drag Formulae :—In Fig. 5, R is the resultant 
force on a transverse section of the wing of an aircraft whose angle of 

attack is < and whose velocity is F. We have already seen in Art. 6 

that the total reaction ( or resistance ) R= ^ - l b wt. 

9 


We have in Pig. 5, the lift component L=R cos «c, and the drag 
B=R sm «t, whence 

L—K cos < ^"^^^b.-wt...!!), and D^Ksiu •t^'^^lb.-wt ••• (2) 
9 9 

where p represents the air density (in lb. per cu. ft.), A the surface 
or plane area of the wing projected on the plane of the chord (in sq. 
ft.), V fke velocity of air speed (in ft. per sec.), and g the acceleration 
of gravity (—32'2 ft. per sec®'.) 
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Since JT is a constant for some given conditions in a machine, we 
may write the symbol K u for K cos < and Kd for K sin <, which are 
spoken of as lift and drag co-efficients resp,ectively. 

[iVofc —(fl) These symbols should not be confused with L and D 
which give the actual lift and drag in pounds-weight, and K l and Kp 
are constants only, (/d The above relations are strictly true when «c is 
small, for we arc not justified in assuming that is at right angles to 
AB for large angles of attack.] 


Then, 


wo have, L^K ; and D= Kd ^ 


9 


and hence, 

dividing one by the other, we get the important relation,; and 

LJD is known as tbc lift-drag ratio. 

Note that when L in exactly equal to the weight W of the aerofoil 

we get, for a normal horizontal flight, W~ . 

9 

J8. Factors affecting the Lift-Drag Ratio :—^Thc factors 
affecting the Lift-Brag ratio are ‘ 

(i) The angle of attack. We get a maximum Lift-Drag at an 
angle of attack of about 1° (see Fig. 7). 

(it) The airspeed. —^Both lift and drag are directly proportional 
to the square of air speed. Hence increase in airspeed will increase 
the lift and drag, other factors remaining the same. 

(ttt) Increase in wing surface or plane area {i.e. the area projected 

on to the plane of the chord).This will 
increase the lift and drag when the 
plane is flying at the same speed and 
the same angle of attack in a*ir of the 
same density. (In practice, however, 
the angle of attack rarely remains 
constant even for a very short time.) 

(iv) Increase in density of the 
air. — V and < remaining the same, 
Ihe increase in density increase 
and the decrease of the density will 
decrease the lift and drag. 

19. lift and Drag Curves ;—^In 
order to get some idea of what 
happens when the angles of attack 
of a typical aeroplane wing is 
gradually altered, we shall consider 
Sie lift and drag curves shown in 
Fig. 7. Considering the curve drawn 
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Fig. 7—LUt and Diag Curves. 

with the lift co-efficient L and the angle of attack, it will be seen that 
there is a definite lift at 0VnA that Idle lift increases steadily between 
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0“ and 12*, where the graph is practically a straight line. The maximnm 
value reaches at about lo after which the lift begins to decrease 
rapidly. This rapid falling off is called stalling, and the angle of 
attack at which the lift reaches a mlximum value is known as the 

stalling angle. 

Now for the Vrnq Curve wc find that its value is always positive. 
It is least at about 0°. The increase of di’ag up to the stalling angle is 
not very rapid, but after it the increase becomes more and more rapid. 

20t Lift-Drag Ratio Curve : —We have considered lift and 
drag separately, but it should be realised that the ratio LID under 
varying conditions is of great importance. We know tliat an aero¬ 
plane travelling through the air must employ power to create a propel¬ 
ler-thrust in order to overcome the drag of the aerofoils, and so it is 
desirable to require as little i}Ower as possible for a given lift or, in 
other words, for the sake of eihciency wc want as much lift, but as 
little drag, as poSsible for our aerofoil. In fact, wc want the highest 
possible values for the Lj D ratio for any given working range. From 
Fig. 7, wc find that the lift is highest at about 15' and the least drag 
. we get at aboiit^*; so at neither of these angles we really get the 
drag, or tho.best lift-drag ratio. This shows the importance of the 
curve showing LjD ratio of the aerofoil against the angle of attack. 
Here wc find that the greatest value of LI D occurs at about 3° or 4‘'at 
which angles the lift is about 20 times the drag. Thus, it is seen that 
an ideal aerofoil must be moving at an angle of attack of about 3" or 
4° when it will give its best all-round result. This angle at which the 
best result is obtained is sometimes called the optimum angle. 

[Note. —In Fig. 7, the values of lift and drag co-efficients are taken 
instead of the total lih and drag as the former will be practically 
indepcnc^ent of the air-density, the scale of the aerofoil, and the 
velocity employed, whereas the total lift and drag will depend on the 
actual conditions at the time of the experiment J 

21. Stalling : —At values greater than that corresponding to 
the maximum lift, the lift falls off* rapidly and this rapid falling off* is 
called stalling, when the aeroplane is said to be stalled. Staffing is 
accompanied by a loss of lift as, well as much increase in drag. The 
airflow no longer shows a smooth streamline flow and it finally 
changes into a turbulent flow. It is extremely dangerous if stalling 
happens at the time when the aeroplane is very near the ground. 

One of the devices in reducing the risk of stalling is the Handley 
Page slot, which is shaped rather like a wing and fitted on the lead¬ 
ing edge of ^e main wing. On moving forward the slot at a time 
when the angle of attack of the aerofoil is increased, a smaller angle 
of attack is presented to the on-coming air cjm>5ing an increased air¬ 
flow over .the wing surface, and the lift is restored. 

22. Aerofoil Characteristics: —^Tbe lift and drag co-efficients 
of an aerofoil depends on the shape of the aerofoil, and they will 
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chanq^e with changes in the angle of attack. The result of experiments 
on aerofoils can be easily demonstrated by drawing graphs to show 
how L co-officient, Z? co-efficient, and LlD latip alter with changes in 
the angle of attack. These three nA,y be called the characteristics of 
the aerofoil. 

23. The ideal Aerofoil : —^The characteristics of the ideal 
aerofoil are given by the curves in Fig. 7. Thus the ideal aerofoil 
should have. - 

(1) A high maxi mum lift co-eflicient in order to lower the landing 
speed for the safety of the plane. The higher the lift co-ellicient of 
the aeroplane, the lower will be its landing speed and greater will be 
the safety of the plane. 

(2) Alow minimum drag co-efj^cient —^not only at a certain angle 
of attack, but it should remain low over a larger range of angles. Thus 
tlie aeroplane will have a low resistance and will be able to attain 
high speed. 

(3) A high Lift-Brag ratio for the sake of efficiency, good 

weight-carrying capacity for a small expenditure'of engine-power and 
so less expense. ^ 

(4.) A small movement of centre of pressure to improve stability. 

fa) Compromises. —^Tn actual practice, however, we find that no 
aerofoil will meet all the requirements. Therefore some sort of 
compromise is made just as in the case of a good hydrostatic balance. 
We cannot get an aeroplane which will serve all our different purposes 
and the shape of the aeroplane is the first, and perhaps the greatest 
compromise to be made. So different degrees of cambering is made 
jiccording to the different purposes the aeroplane is desired to serve. 
For instance, for high speod the top surface camber should be about 7 
or 8 per cent of the chord while for general use it should be about 
10 or 11 per cent of the chord 

Both lift and drag are in(;reas(‘d by increasing the camber of the 
upper surface. The alterations in the camber of the bottom surface 
of the aerofoil have a much smaller effect. Modem aerofoils have 
their lower surface flat or slightly convex. 

24. Normal Horizontal Flightj —Without taking into account 
the forces on the tail unit, an aeroi)lane, when flying straight and level 
—^which wo refer as normal horizontal flight—^may be said to be under 
the influence of the four main forces : 

(1) The lift L of the main planes acting vertically upwards 
through the centre of pressure. 

(2) The weight W of the aeroplane acting vertically downwards 
through the centre of gravity. 

(3) The thrust T of the propeller airscrew pulling horizontally 
forward along the propeller shaft. 

(4) The drag I) acting horizontally backward. This is the total 
drag on the airoraB: consisting of the drag of the aerofoils and also of 
4he remaining parts of the aeroplane. 
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25. Conditions of Equilibrium :—In the ideal case when the 
aeroplane is flying level at a steady speed in a fixed direction, that is 
to say, the main condition of eqnilibaum of those four forces, which 
must obey the simple laws of mechames, is that all the forces would 
act, through the same point. Then we have, 

(0 L= This condition will keep the aeroplane at a constant 
height. If L> W (this is secured by increasing airspeed by increasing 
engine power), the aeroplane will ascend, and if L<C W the aeroplane 
will descend. 

(/?) T=D. This condition will keep the aeroplane moving at 
a constant speed If T'>T) the aeroplane will move with an accelera¬ 
tion and if T<,D there will be retardation. In practice, however, 
these forces are never constant owing to varying conditions, e.g. 
the weight of the aircraft does not remain constant in value, L is not 
constant as the angiC of attack may change due to wing-thrust, the 
position of C. G.^s uoi constant. Dae to these diiliciilties the ideal 
arrangemi'iit of the foroe=' is not possible 

Now when th<‘ swe and position of forces change, the turning effect 
. of the aircraft is controlled by the pilot by (0 control column move¬ 
ment (discussed Tator on) and (</) mainly bv odiiistable tail plane. 


CHAPTER IV 

AEROPLANES AND THEIR CONTROLS : MANOEUVRES 

26. Component Parts of the Aeroplane -We have already 
^icntioned about some parts of an aeroplane and especially have dealt 
with one of its main p.art>i, i.e. the wings or aerofoils. Let us state 
here thatlin aeroplane mainly consists of the following parts— 

(rt) Fuselage ; {h) Wtugs or Aerofoils ; (c) Propeller or Airscrew ; 
(d) Tati plane ; (e) Aileron ; (/) Flevator ; {g) Rudder and Fin. 

The Fuselage —^The main body of the machine is referred to as 
the fuselage, which must 
be large enough to con¬ 
tain engine, tanks, pilot, 
bombs, goodo, passengers, 
etc. that the machine has 
to carry. 

Tail plane.—It is a 

small plane fitted at a 
considerable distance be¬ 
hind ilu' main plane in 
order to provide the up¬ 
ward or downward forces 
necessary to contract the 
unruly action of the four 
main forces mentioned in Art. 24. 
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27. The Propeller or Airtcrew :—^The theory of airscrew is 
too advanced to be considered here, but a general idea of the work of 
an airscrew will be given here. ^ 

A propeller, also called an airscrew, is much like an ordinary 
electric fan in appearance, but while a fan sucks air from behind and 
throws it forward, an airscrew sucks air from the front and throws 
it backward. The result is that due to reaction the fan tends to move 
backwards, while the airscrew is thrust forward, and thus pijlls the 
aeroplane along with it. The thrust of a propeller is the force with 
which it drives the air backwards or urges the aeroplane forwards. 
The propeller is the means by which the power of the engine, which 
rotates it, is transformed into a forward thrust, and thus gives the 
aeroplane a translational velocity. Thus, the aeroplane foi'ces its way 
through the air by means of propellers rotating in a veitical plane, and 
we may say in effect that an airscrew screws itself •through the air 
pushing or pulling the aeroplane to which it is attached. The pro¬ 
pellers are situated either in front of the body of the machine, when 
it will cause tension in the airscrew shaft and will thu.s pull the 
aeroplane forward (in which case the aeroplane is cdlled a tractor) ; 
or in the rear of the body when it will push the plain' forward (in 
which case it is called a posher). Airscrews vary in the number of 
blades from two to four, but the two-bladed variety is the easiest to 
manufacture and slightly more efficient The shape of each part of 
an airscrew blade, taken in a direction at right angles to its length, is 
found to be similar to that of an aerofoil. 


The diagram (A, B, C, in Fig. 9) shows several cross-sections 
taken at various distances from the centre. The airscrew also derives 



similar forces from the airflow to those 
giving lift and drag in the case of wings 
but owing to variations in camber, chord, 
and speed, the lift and drag components 
increase and decrease from section tO' 
section. The airscrew may be considered 
to be exactly like an aeroplane wings, 
but that, instead of moving in a straight 
line and supporting the aeroplane, the. 
airscrew moves in a spiral path and 
produces the thrust which overcomes 


wii* o Aj. -T.._ the drag of the aeroplane. Due to their 

F«. 9-A«..cr.w Tcue. functions plane form of an 

airscrew blade differs from that of a wing ; and the airscrew blade is 


twisted so that the angle to the shaft of the propeller is greater at the 
base than at the tip, while the angle of the wing is almost the same 
throughout. Thus the forward thnist of the airscrew corresponds to 
the upward lift of the aerofoil, and drag in this case is represented by 
the resistance of the air to the rotatory motion, of the airscrew. 
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The total airscrew thrust is the sum of the thrusts on each blade 
section, and it is the force which pulls the aeroplane through the air. 
The total drag on all th^ blade sections constitutes a couple—^known 
as airscrew torque —which resists Ae rotatory motion of the airscrew 
(Fig. 9) and opposes the engine torque (or the iurmng moment) 
applied to the airscrew shaft by the engine. The airscrew torque has 
to be overcome by the engine torque. This is analogous to the thrust 
and drag in tlie case of an aeroplane. 

(a). Pitch —The airscrew is a screw which screws its way 
through the air in the same way as an ordinary screw does through 
wood but some important differences are to be noted. In the case of 
. an ordinary screw the distance moved forward in one revolution is a 
^ fixed quantity and is called the pitch of the screw, the value of which 
depends on its geometric dimensions, and is usually called the geo^ 
metric pilch. But, in the case of the airscrew, the distance moved 
forward in one revolution (called the advance per revolution) is not a 
fixed quantity as it depends entirely on the forward speed of the 
aeroplane. Another important difference between the airscrew and 
.the ordinary screje is that the airscrew has no actual grip on the air 
comparable tq an ordinary screw in wood, and there is a certain 
amount of slip so that the distance moved forward is less than the 
geometric pitch. Tliis distance is not also constant as it varies with 
the speed of the aeroplane. Thus the slip of a screw is the difference 
between the distances it should travel theoretically and its actual 
progress. 

(6) Pitch Angle ,—We should all know that the twisted appear¬ 
ance of the airscrew blades is not without any meaning—rather it is 
t the product of highly skilful design. The sections of the blade near 

tip are moving with a much greater velocity than those near the 
root, and so most of the tlirust is produced by the portions near the 
tip. For this reason the pitch (or blade) angle is not the same through¬ 
out the airscrew blade in order that every part of the airscrew may 
move the same distance forward during one revolution of it. Other 
things being equal, a large propeller moving comparatively slowly 
mves more thrust than a small one driven at high speed. The pitch 
(or blade) angle is th(‘ angle which the chord of any given blade 
section makes with tht^ horizontal plane when the airscrew is laid flat 
on this plane, its axis being vertical. 

The Experimental Mean Pitch is the distance the airscrew moves 
forward in one revolution when the thrust is zero, and when the 
thrust and efficiency of the airscrew is a maximum, the pitch is <^led 
the Effective Pitch. 

(c) Efficiency. —^The efficiency of an airscrew is the ratio of the 
useful work done by it to the work put into it by the engine. In actual 
flight for the same rotational speed of the airscrew, a foiward motion 
—^which means some useful work done—^may be attained at which 
each blade section meets the airflow at the angle of attack of about 3°» 
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Tfehioh is the moat eflSoient angle of attack for an aerofoil having its 
maximum lift-drag ratio. So here the ratio of the airscrew thrust to 
the torque is a maximum ; and so at this speed the screw has 
maximum efficiency. I 

28. Fixed Fitch and Variable Pitch Airscrews : —It has 

been seen that only at a particular speed of the aircraft a fixed-pitch 
airscrew has got its maximum efficiency at a given rotational speed, 
but, in practice, the actual speed of an aircraft varies over a more or 
less wide ran'ge. An airscrew whose pitch can be varied by tl^e pilot, 
when in flight, is called a variable pitch airscrew, the mechanism of 
which is rather complicated, though this is very effective for all condi¬ 
tions of flight. But whether a variable pitch airscrew is advisable or 
not depends on the speed-range of the aerojfiane. Fora high speed- ^ 
range, a variable pitch airscrew is essential, and when tlie maximum 
speed is relatively low, a fix(‘d-pitch airscrew will work quite well. 
With this type of airscrew an aeroplnnri might he brought home 
safely when in danger, whi(ffi would have been impossible with the 
fixed-pitch type. So for a modern machine of high-speed range a 
V. P. airscrew is essential. 

STABILITY AND BALANCE " , 

29. Stability and Balance : — If an aeroplane, when disturbed, 
tends to return to its original position, it is said to be stable and the 
stability of the machine means its capacity to return to some parti¬ 
cular condition of flight after it is slightly disturbed from that 
condition. 

[Note. —Stability hhould not be confused witli balance. Suppose* 
an aeroplane flies with one wing more dii)ping than the other and it 
may, when disturbed from this state, return to its former position. 
Such an aeroi)lanc is not unstable but only out of its propcf balance.] 

30. Stability : —An a(*roi)lane may rotate about three axes all 
mutually at right angles to eaeh other and all passing through the 
centre of gravity of the aircraft. Thesi* axes are as follows.— The 
Longitufhttal (or rolling) axtf- XOX' running from nose to tail; the 
Lateral (or pitching) axm YOY in the same horizontal plane, and the 
Normal (or yawing) axU Z07J. 

(1) Tiic rotatory motion of the aero])lane about the lateral axis 
is called pitching caused mainly by a wind-gust resulting in the nose 
rising or d<‘pressing During jiitching the longitudinal axis moves in 
a vertical plane. 

The capacity to correct pitching is defined as longitudinal 
stability. 

(2) Any rotatory motion of the aeroplane about the longitudinal 
axis is called rolling, resulting in one wing rising and the other 
dropping. 'J'*he. lateral axis moves in a vertical plane during rolling. 
The ability of the aeroplane to correct rolling is called Lateral 
stabihty. 
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{.‘0 The rotatory motion abotit the normal axis is called yawing. 
It results in the nose and tail being deflected to one aide, and in this 
both axes move. The ca4)aoity to correct yawing is called Directional 
stability. 9 

(а) Longitudinal Stability. —This is achieved by the tail 
plane by setting it at an angle Jess than that olthe main plane. Suppose 
that duo to wind-gust the nose of the machine is thrown up. The 
tail plane is then turned so that it presents an angle of attack less 
than that of the main plane and thus a force is obtained on the tail 
plane in such a direction as is necessary to counteract the movement 
of C. P. of the main phane, which is detrimental to stability, and thus 
to bring the machine to equilibrium position. Another condition for 
longitudinal stability is that the position of the centre of gravity of 
the acro[)lune imiht not bo too far buck 

(б) Lateral Stability. —During normal flight the lift on the 

wings is vertical, and equal and opposite to the weight, but when a 
roll takes ])]acc one wing drops and the other goes up. In this posi¬ 
tion the lift is inclined and is no longer in the same straight line as 
the weight A« a result of these two non-i)Hrallel forces, the machine 
cannot be in equilibrium and moves bodily sideways, called side slip, 
in the direction of the lower wing. To overcome this lateral instabi¬ 
lity a small positive angle is introduced between the two 

wings by setting the wings to be inclined upwards by a small angle to 
the lateral axis. Now the vertical component of the lift on the lower 
wing is increased, the angle of attack being greater, and that on the 
other side is decreased and thus a couple is introduced which brings the 
aeroplane to the normal position, l^ateral stability depends also on 
the position of the centre' of gi-avity of the aeroplane, 

[Tlic^dihedral angle is the angle between each plane and the 
horizontal for the normal position. It is positive when the plane is 
sloping upwards and negative when sloping downwards.] 

(c) Directional Stability. —^^L'his is secured by fitting a small 
aerofoil vertically at the centre of the tail plane. This acts in a way 
similar to that ol the tail plane and produces a force which opposes 
any tendency to spin round the normal axis. This sm>>ll aerofoil is 
known as the fin, which is tht'’most important factor, for, both by its 
surface area and position, a correcting turning moment is obtained 
from it. 

Lateral and directional stability are intcr-roJative. A roll is 
followed by a yaw and vice versa., and the study of the two cannot 
be separated. 

31. Control :— It is no doubt necessary that an aeroplane 
should bo stable but that is not enough. It is also necessary to control 
the machine to force it to take any desired position, or to correct any 
tendency of the machine to wander from any desired path. When the 
pilot desires to bring about such changes he has at his disposal three 
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movable control surfaces which are operated from the cockpit by 
means of cables or rods : (a) the elevator {b) aileron^ and (c) rudder^ 

(a) longitudinal Control and the Elevators, —^Longitudinal 
control is the control of pitching and is obtained by the elevators 
which are flaps hinged behind the tail plane by which the angle at 
which the machine is flying can be altered and thus the nose of the 
machine can be raised or lowered as desired. Elevators are operated 
by means of the control column (also called Joifntick) situated in front 
of the pilot^B seat. By pulling the Joystick backwards, the elevators 
are raised by which action the aeroplane begins to ascend, and the 
opposite action takes place by moving the Joystick forward. 

(b) Lateral Control and the Ailerons —Lateral control is 
the control of rolling of the lateral axis and is obtained by the ailerons 
which are flaps hinged at the rear of the main wings near each wing- 
tip. They are connected together so that when one flap is depressed, 
tlie other on the opposite wing-tip is raised. When ‘ a machine has 
been tilted through an angle laterally by an wind-gust, the pilot rights 
the aeroplane by depressing the ailerons. Thus by the aid of the 
ailerons the aeroplane may be banked, that is, the machine may fly 
with one wing lower than the other. The ailerons are operated by 
moving the control oohinin by the hand or sometimes by a control 
wheel like the steering wheel of a motor car. 

The linkages of the control surfaces are so designed that the 
controls may be moved instinctively from the pilot’s cockpit when 
any manoeuvre is desired. 

The elevators and ailerons are moved by a single control column 
in the pilot’s cockpit. By pushing the control column to the left, the 
right-hand aileron is lowered and the right-hand wing is lifted up ; 
while at the same time the left-hand aileron is raised and the left- 
wing dips down. Thus the whole aeroplane* is banked to *che left. 
This control is required as instinctive. 

(c) Directional Control and the Rudder. —It is the control 
of yawing or rotation about the normal axis, and is obtained by the 
rudder, which is a vertical flap hinged on to the rear of the fin. This 
is operated by a rudder bar in the,cockpit and worked by the 
pilot’s feet. On pressing the right foot forward, the rear of the 
rudder will be moved to the right and the aeroplane will turn to the 
right and so on. The function of the rudder is to keep the machine 
in its correct course, and it is also used m conjunction with the 
ailerons for turning the machine. 

In general, the movement by the rudder will give rise to a side 
force on the fin, movement of the elevator will produce a force on the 
tail plane, while the movement of the aileron increases or reduces the 
lift on the wing, as the aileron is pulled down or pulled up. 

It should be noted that in each of the above cases the control 
surfaces are placed as far as possible from the centre of gravity of the 
machine so as to provide sufficient leverage to alter its position. 
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(6) Engine, —Besides &e above control units, the engine is 
.•also considered as another unit, the primary function of which, from 
the point view of control, is to vary the height at whi(i the machine 
is flying for a given angle of attack,^peed, etc. 

32. Stability and Control :—^The difference between stabilitiy 
and control should be clearly noted. Stabilising devices, such as the 
tail plane and fin, restore the aeroplane to its original path of flight 
after a disturbance has occurred while, on the other hand, the pilot 
uses th^ control surfaces, such as the elevators, etc. to manoeuvre the 
machine into any desired position ; but the change of altitude will 
be resisted by the inherent stabilising devices. The control surfaces 
should therefore be effective enough to overcome the action of the 

. stabilising devices. 

Stability and Trim .—^When an aeroplane is in trim it will 
continue to fly without change of direction or altitude, even when 
the pilot take's hi* hand off the controls provided it has the necessary 
stability. But if the aeroplane is not in trim it will either go slowly 
up or down, and this want of trim can be corrected by the use of 
small auxiliary flap.s, called trimming tabs —^hinged to the trailiEg 
‘ edge. • 

33. Manoeuvres .—^The various manoeuvres which an aeroplane 
may be required to perform are given below— 

(1) Take-off and Landing .—In take-off^ the throttle of the 
engine is opened, and the machine moves over the ground gaining 
speed, while the pilot depresses the elevators, thus raising the taU. 
The machine then rises up attaining the minimum speed to be 
sustained in air. 

Landing is done by bringing down the speed of the aircraft until 
it is brought into contact with the ground. Landing may be slow 
or fast. • 

(2) Gliding. —In this the engine is throttled down until the 
speed of the engine is just sufficient to keep the engine going. Now 
the thrust T disappears and the aircraft must be kept in equilibrium 
by the forces of lift, drag, and weight only,*i.e. the total r(‘action, or 
the resultant of the lift and drag, must be exactly equal and opposite 
to the weight. The angle between the path of the glide and the 
horizontal is called the gliding angle which is the same as the angle 
.between the lift and the total reaction. 

(3) Climbing .—In order to make a climb, the pilot holds the 
control column backward to have the angle of attack between the 
normal and stalling values 

(4) Banking .—Banking is accomplished by moving the ailerons 
over, so that one wing drops and the other rises. In this the lift 
force, in addition.to lifting the machine, supplies a component towards 
the centre of the turn, so that a large force is obtained for pulling 
the machine into a circular path and settling it down to the steady 
-condition. 
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Besides these, other different manoeuvres done by expert pilots are' 
as follows — (6) Side slip [vide Art. 30 (I/)]; (0) Veiling [vide Art. 33] ; 
(7) Loop ; (8) Spin ; (9) Roll ; (10) Zoom ; (11} Nose-d^ve. 

34. High Altitude Flying I —It has already been pointed out 
that with the increase of altitude the density, pressure, and tempera¬ 
ture of the atmosphere all decrease, and these cause important 
modifications in the forces acting on the aircraft. The effect of 
decrease of the density of air may be summarised as follows-^a) 
Decrease in*lift and drag ; (b) Falling-off’ in the power of the engine ; 
(c) Detjreasc in air-screw thrust. 

(fl) Lift and drag depend on the density of air. At higher 
altitudes the density Of air is considerably less than that at ^ound 
level and so the lift can no longer balance the weight of the aircraft - 
it is necessary, therefore, either to increase the spet’d of the aircraft, 
leaving the angle of attack the same, to obtain suilicientlift to balance 
the weight, or to increase the angle of attock (vtde%kit. 18), which ir 
turn will increase the drag. 

There is, however, a limit to the possible increase of speed as it 
depends on the power of the engine which is also limited, and further, 
there is also a limit to the increase of the angle *of attack, as, we 
know, when this is made too great, the lift will decrease instead of 
continuing to increase, or, in other words, there will be stalling of the 
machine. 

[h) As the pressure of air decreases with height, the weight of 
petrol-air mixture taken into the cylinder of the engine for combus¬ 
tion is reduced and so there is a considerable falling-off' in the power 
of the engine. This may be remedied to a certain extent by snper- 
charging, i.e. by forcing the mixture into the cj Under with a pump. 
But ultimately the atmospheric pressure becomes so small^that, with 
all existing engines, there is a height at which th(‘ power begins to fall 
off in spite of the supercharger, and we find that sooner or later a 
height is reached which cannot be exceeded. Thiis the maximum 
height to which an aeropjane can fly depending on the construction, 
design, and, weight and engine power, is called the ceiling of the 
aeroplane. 

(<) In rarefied air the airscrew-thrust is sufficiently reduced even 
when the engine and propeller revolutions per minute are sufficiently 
increased. In such cases variable pitch airscrew are usually 
employed to compensate for the loss, to some extent. 

In the stratosphere, the temperature is nearly—60"F, and at this 
low temperature all metal joints become leaky, rubber becomes brittle, 
pipe lines free25e, and so on, unless special precautions are taken. 

Again, the low temperature and low pressure at high altitudes 
affect the comfort of the pilot and other passengers. For the low 
temperature, heavy warm clothing (woolen, preferably leather clothh 
gaiments are essential and the cabin should be electrically heated. 
For oxygen deficiency in the lungs, oxygen is supplied from cylinders. 
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JBut at sufficiently high altitudes, the pressure in the lungs becomes so- 
low that the oxygen deficiency may finally endanger life. The cabin 
requires, therefore, tp be properiv sealed and pressurised to maintain 
the standard pressure inside. 9 

At height more than 10,000 ft. symptoms such as drowsiness, 
breathlessness, masciilar weakness, etc. become pronounced, and 
at about 25,000 ft. it becomes dangerous. Apparatus for the artificial 
administration of oxygen is always necessary for high altitude flights, 
and yyith its aid flying upto heights of about 35,000 ft. may be safely 
undertaken. 

Besides this, discomfort or pain in the car is often felt by the 
pilot due to changing atmospheric pressure. Against these disadvan¬ 
tages, one should remember that the weather conditions remain fairly 
constant at high altitudes. So high altitude flight is smooth and safe, 
which has made it popular from the comiiieroial point of view. 

* Questions 

1. What lb meant by ‘stream-line’ flow and ‘stream-line’ body ? Wbat 

is the importance of stream-lining all parts of an aircraft which ate exposed to 
airflow ? • (c/. Bihar. 1956), 

2. Wrii^ short notes on any thre* of the following;—(a) Airships; 

(b) Aeioioil; (c) Parachutes; (d) Stream-line and Turbulent flow; 

(e) Stalling. (Pat. 1944) 

3. What is meant by ‘Aerofoil’ ? How does the aerofoil of an aeroplane 

determine the efficiency of it ? (Pat. 1944) 

Explain fully bow the wings of an aeroplane support it high up in the 
air. Indicate the forces that act on the machine. (Pat. 1939) 

4. Write a note on the flight of an aeroplane indicating the part played 

by the more important portions ol ir. (Pat 1942) 

6. Describe wbat happens when a flat plate moves through air, and explain 
why aeroplane parts are stream-hne shaped. (Par. 1939 : of ’44) 

6. 'Explain wbat is meant by ‘btream-line’ flow. Desciioe an experiment 
to demofisttate the deformation ot stream-line by an obstacle. 

Discuss the flow of air past a flat plate moving through air with a high 
velocity with its plane inclined at a small angle to the direction of motion. 
Show how a lifting force is pioduced on the plate and explain how it varies with 
the angle of incidence of the plate. (Pat. 194S) 

7. What are cambered wings in an aeio^lane ? Explain their action. 

Also explain with neat diagrams the actions ut the tail, elevator, 6n, and 
rudder. (Pat. 1938, ’49) 

8. Explain with the aid of neaf diagrams the action of (t) elevator, («) fin 

and (ni) rudder, of an aeroplane. (Utkal, 1951) 

9. What 16 a‘cambered wing’? Draw a neat diagram of a tection of it 

perpendicular to its span, and indicate in it the lengths known as the ‘chord’, the 
‘upper camber,’ and the ‘lower camber.’ What are the essential points that are 
kept in view in its construction 7 (Pat. 1940) 

10. Wbat are the functions of—(a) the propeller; (5) the wings; and 
(o) the ailerons in an aeroplane ? Is there any limit to the height to which an 
aeroplane can pscend ? Give reasons. 

(Pat. 1542 j cf. Utkal. 1948) 

IL Wbat is a Btteam-lined body ? Describe the stcuctute ot an aeroplane 
wing and discuss the factor upon which the lifting efficiency depends. 

(Utkal. 1949) 

12. Write notes on (a) stream line and turbulent flow, (6) lift and drag, 
<o) aerofoil, and (d) ait-screw. (Pat. 1953) 
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13. How do you getr the 'lift* that supports an airplane in the air, and 
what is the corresponding 'wing'drag* 7 

Define coefficients of 'lift’ and 'drag,' and prove that in horizontal flight 
(when lift must be equal to the weight of the machine) 

We T is the velocity of the machine. 


_ r FT M 
\ laJcL * ^ * 


« the area of the* wing, Jcl thei coefficient of lift, and d the density of air 
supposed uniform. (Pat. 1940) 


14. Explain what you understand by ‘lift’ and 'drag'. Illustrate graphically 

how the ratio o^ the two varies with the angle of incidence of the aero*foil. 
Explain the action of air-screw. (Pat.* 1955) 

15. Write short notes on the variations of ‘lift* and 'drag* with the angles 

of incidence. (Pat. 1953) 

16. A stream-line body having a frontal area of 1 sq ft. moves through 
air with a speed of 180 m.ph. Calculate the 'drag' on the body assuming 
the value of ‘drag’ coefficient to be 0 04 and that density of air 0'056 lb. 
per cu ft 

\An ».; 2’42 Ib.-wt.] 

17. Define 'Centre of Pressure'. How does the C. P. of aerofoil move 
with the increase of the angle of attack from 0*’ to 20° 7 

18. What are the factors on which the 'lift and drag' of an aircraft 
depend 7 

19. Criticise the following statements—(a) 'Lift' increaus as the angle 

of attack of the wing increases ;. (b) lift is always vertical; (e) ‘lift and drag' 
are affected only by air speed and angle of attack. * 

20. Draw a neat sketch of an aeroplane showing its essential parts and 

explain fully the control system in it. ^ (Pat 1943) 

21. Draw a sketch showing the four principal forces acting on an aeroplane 
in normal horizontal flight. 

22. What ia an 'ait-screw' ? Explain bow it gives the forward motion 

to an aeroplane. (Bihar, 1956 ; Pat. 1939, '53) 

23. Write a short note on the air-screw and explain clearly how it propels 

an aeroplane through air. (Utkal, 1952) 

24. Describe the parts of an aeroplane which ensure its stability in all 

possible modes. Illustrate, by neat sketches, the mechanisms to control 
its motion in various directions and indicate how the pilot manipulates them 
in taking a turn. (Pat. 1941; o/. '44) 

25. How can you distinguish the difference between stability and control. 
Name the axes about which pitching, rolling and yawing ol an aircraft take 
place. Which control is used to produce each motion 7 

26. Compare the flight of a*n aeroplane with that of a kite in air. Explain 

how an aeroplane maintains its stability during flight. (Bibar, 1953) 

27. At a certain speed of normal horizontal flight of an aeroplane the 
ratio of its lift to drag is 7*5 to 1. What arc the values of 'lift, thrust, and 
drag' when there is no force on the tail plane 7 The weight of the aeroplane 
is 3500 lbs. 

[Ana ; lift*3500 lb.-wt ; thrustwi467 Ib.-wt,; drag=467 lb.-wt.] 


28. What is the true air speed on an aeroplane at a certain height weighing 
'fiO.OOO lbs. and having a wing area of 1300 sq. ft. The ‘lift’ coefficient is 0 5 and 
the density of air at thar height is 0*056 lb. per cu. ft. 

Calculate also 'thrust' and ‘drag* when the value of L/D ratio is 8. 

: Speed=248 m.p.h.; thrust=7500 Ib.-wt.; drag=7500 Ib.-srt.] 

Write notes on any four of the following—(a) stream-line flow, 
(6) Bernoutlli's law, <e) stalling, (d) rolling, and (a) pitching. (Pat. 1953) 
30. Can an aeroplane fly without wings 7 Can an aeroplane fly in a 
vacuum 7 Give reasons for you answer (Utkal, 1952) 



APPENDIX (B) 

trigDnomethcal ratios 

1. Trigonometriad Ratios .—^Let ABC be an acute angle 
Tepresented by 6 (Pig. 1). From any point DiaAB drop a perpendionlar 
T)E on BC. It can be shown geometrically that wherever the point D 

be taifen on AB, the ratio, DEfBD, 7.e. constant 

hypotenusp 

and bears a fixed relation to the magnitude A 

of the angle 6. This ratio is called the6?»/e 

of 6. Similarly, the ratio BE(BD is also 

constant and is called the cosine of 9 

So, we have the trigonometrical ratios 

us given below * 


Fig 1 

7)7?. perpendicular_ . 

flZi^hypotc-nus.. ^ « i 

BD“hypote^‘ "“““* ® » ■' 

D7?_ perpendicular _ 

-tangent B and is written, tan B ; 

^DMBD^m±^ 

BKlBD cos B’ 

2. Vhlues of Trigonometrical ^ 

Ratios The values of these ratios a <3 

can be geometrically deduced for y/-\ X 

angles ot 0”, 30’, 45‘, 60°, and 90’ / A 'A. 

which are given below Wide Fig. 2 ^ 

{a and 6)]. , ^ / w* \ \ 

The important values are tabula- / .6o‘ r wA 45 ^ 

ted below— ® (a) ^ ^ (i) 

Fig. 2 
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3. From the above table it should bo noted that, 

sin O‘’=cos 90“=0 ; sin 90“= cos 0“=1; 
sin 30“=co8 60°=1/2 W8in60°=cos 30“= s/3/2 ; 
sin 45“ = cos 45“=1/ Jz. 


4. The inverses of sine, cosine and tangent are cosecant, secant 

* r 1 1 

and cotangent respectively. That is, cosec 6 =—.—; sec $ = : 

^ ‘ sin 0 cos $ 


cot 9 = 


tan 6' 


5 . It follows geomotrii'ally from Art. 1, that, 

sm®0+cos‘'^^=l 
8ec®0 = l+tan^0 
cosec^0 = l+cot®0. 

6. Signs of Trigonometrical Ratios : —According to the 

conventions followed, * 

(/) for all angles in th*’ first quadrant, the signs of all ratios are 
positive ; 

0^) for all angles in the second quadrant, only theisign of sine is 
positive and the signs of other ratios negative ; • 

{til) for all angles in the third quadrant only the sign of tan is 
positive and the signs of other ratios negative ; 

(?t?) for all angles in the fourth quadrant, only the sign of cos is 
positive and the signs of other ratios negative. 

7 . Sin [A +ii)=8in A cos i?+cos A sin B. 

Sin (A —5)=sin A cos cos A sin B. 

Cos (i4 + /^)=cos A cos /> — bin A sin B. 

Cos(A —il)=cos A cos ZJ-hsiii A sin B. 


8, Solution of Triangles :— • 

{i) When two sides and the angle included between them are 
given, the third side and the other angles can be calculated from the 

Cosine Law. 

« 

Law of Cosines :—The square of any side of a triangle is equal to 
the sum of the squares of the other two sides mmus twice their 


A 



Fig. 3 


product into the cosine of the included angle. As 
for example, if. A, B, C represent the three angles 
of a triangle, and a, />, c the sides correspondingly 
opposite to them (Fig. 3), 

e*=a®+5®-2a6 cos C 


or, cos C— 




_ £— 
sin O' 



APPENDIX (C) 

GRAPHS 

Graph : —A graph is a represeatation, by means of a curve, of the 
relation between two variable quantities. 

Axes of Coordinates. —Every point in the graph must be plotted 
with reference to two fixed straight lines XOJt'and YOY'{¥is'. 1) in the 
plane of the paper {vide Arts. 27 and 
28, Part J) These two straighi lines 
are at'right angles to each other, 
which divide the })lane into four 
spaces XOY, YOX\X'OY\rOX. 

These spaces aye denoted by the first, 

&C('Ond, third and fourth qundranU 
respectively. 

'Fhe position of any point P in 
the jilane <‘an 4)0 located by knowing 
its j)erpeudicular dibtjinces PN and 
PM from the two axes XOXYO Y'. 

Tlu'se distances {PX and TM) arc 
called the coordinates of the point 
i^, /W being known as the oidinatc, 
and PM the abscissa of the point P. 

'Fhe lines of niferenee XOX\ YO Y' 
are called the axes of roordi miles, or 
simply the axes, the line XOX' being known as the AT-axis and YOY' 
as the y-axis. The point 0 is called the origin for which the co¬ 
ordinates for both the axc^, are zero, and the i)oint is denoted as 
(0, 0). Thus the ordinate of a point lying on the A'-axis is 0 and 
the abscissa of a point on the T-axis is also 0. 

It should be noted that in the firs^ quadrant, both the X and 
7-eoordinates are positive ; in the second quadrant, X-coordinate is 
negative but the Y-coordinate is positive ; in the third quadrant, both 
the coordinates are negative ; and in the fourth quadrant, X-coordinate 
is positive, but the F-coordinate is negative. As a general rule it 
may be expressed thus : Ordinates above the .Y-axis are taken as 
positive, and ordinates below the A-axis are taken as negative. 
Similarly, abscissae to the right of F-axis arc taken as positive, and 
abscissae to the left of F-axis are taken as negative. 

Thus, the position of any point A { — i, 3) will bo in the second and 
that of a point B{-S, -4) will bo in the third quadrant. 

Choice of Axes, —In all physical problems there arc two varia¬ 
bles, of which one is the independent and the other the dependent 


Y 
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variable. For instance, in the case o£ a siin])le pendulum, we know 
that time t for one complete oscillation depends upon /, the length of 
the pendulum. Thus, here < is the ^opendent and / the independent 
variable. As a rule plot the iiAlependent variable along the 
X-axis and the dependent variable along the Y-axis. 

Choice of Units .—To choose the unit for the ordinate or the 
abscissa, find the difterence between the highest and the lowest values 
of it (given in problem) and divide this by the number of available 
divisions of the graph paper along the same side. Thus get the 
approximate value of each division and then choose the next best 
possible value. Since in the graph paper the tenth or the tiftli linos 
are generally drawn thicker, attempt should always be made to choose 
the units in such a manner that the larger divisions are multiples or 
submultiples of 5. If each division represents values, which are 
divisible by 10, such as 10, 100,1000, or '1, ‘01, 001, the plotting of 
points will be (‘asier. Beginning from the origin write down the values 
along the X-axis and the 1-axLs every 5 or 10 divisions apart. 

Rule —In drawing a graph for any physical expsrimental data, 
the following rules may generally be observed— 

(1) Obtain data for at least 6 points in the graph and tabulate 
the values for the X-axis {independent variable) and the F-axis 
{dependent variable). 

(2) If there are both positive and negative signs in the given 
data, then the origin, i.e. the point of intersection of the two axes, 
should be in the middle of the graph paper, but, if the signs are all 
positive, the origin can bo shifted to the extreme lowest position on 
the left of the paper in order to have a graph of larger size. 

(3) Choose the units explained before, and plot the points 
marking their positions in the diagram by X or 0 sign. 

Different suitable scales may generally be chosen for the two axes, 
but in some cases, as when area is to be calculated from the graph 
equal scales will be convcuiciit. 

(4) The point of intersection of the two axes need not always be 
the zero of each axis. 

(6) From the positions of the points, judge the nature of the 
graph and draw a smooth curve by joining die plotted points, 

(C) The curve should necessarily pass through all the points, but 
keeping the nature of the graph intact^ it should pass through as many 
points as possible. The point (or points) which does not lie on the 
curve is probably in error in the corresponding observation. 

(7) The unite should be so chosen that the curve may cover as 
mu^ of the graph paper as possible. 



GRAPHS 


Examples 

1. ThefoUowing rtadingt wer4 obtained with a aimple pendulum 


Length in cm'-. 

20 

30 

42 

Time of 




* oicillation in 




seconds 

'45 

•55 

•65 

1 


55 

O 

00 

o 

95 ' 102 115 

1 

1 

130 


Rr 2 'rMent by a graph the relation between the length and time, and find from your 
graph the time of oedllation of a simple pendulum of length SO oms. (C. O. 1915) 


Here we find tftat the time of oscillation depends upon 
pendulum ; so time is rhe def>endent variable and should be 
F-axis. and the length, which is 
the independent variable, should 
be plotted along |he X-axis. 

The difference between the v 
highest value (1*14) and the lowest ^ fos 
value (0'4‘>) of time it 0 69 and 
the number of available divi- g 4btt 
sions on the graph paper is 40. 

Therefore the approxima'e value s- 
of each division on the X-axis *u 

n*AQ ■ • - S < ^ 

should be at least =^0*0017. ° 

40 ^ a-ss 

Take each small division on g t 
the X-axis to represent 0’0020. “ 

which is • the next best possible 
value. 


the length of the 
plotted along the 


ipr ipiMPppai 


Take one small division to re¬ 
present 4 cms. on the X-axis. 


Length in cm. 
Fig. 2. 


Since the length begins from 20, and the time /rom 0‘45. it is necessary to 
start from the origin as (20 , 0‘45l 

Write down the values of the ordinates every 5 divisions apart and begin 
0'45 as the zero value of the ordinates, and similarly take 20 cms. as the zero 
value of the abscissae. 


Now plot the points and draw the graph (vide Fig. 2). 

To get the time of oscillation of the pendulum of length 50 cms.. draw a 
straight (dotted) line through the point marked 50 cms, on the X-axis parallel 
to the F-asis cutting the curve at a point, the ordinate of which Las the value 
0*71, which is the required time. 

S. From the following data plot a curve showing the variation in the volume 
of a mate of wcOer with the tempenture. Find graphieaUy the two temperatune, at 
which the volume of 1 e.e. of water at 0°O. becontee d'9d990 c.e. 

(0. U. 1909) 










<640 


INTERMEDIATE PHYSICS 


Temp. 

Volume 

Temp. 

Volume 

0 

1-000000 

7 

0999952 

1 

0*999948 

8 

1-000003 

2 

0999911 


1-000068 

3 

0*999889 

10 

1-000147 

4 

0'999883 

11 

1-0^237 

5 

0-999891 

12 

10003441 

6 

0-999914 

13 

1-000462 


Here we find^ that on chanj{in({ the temperature the volume is changed 
ao temperafure la the independent variable and should be plotted along the 

X axis, and volume, which is the 
dependent variable, should be 
plotted along the Y-axis. 


The diflFercnre between the 
highest value (1000462) and the 
lowest value (0'999833) of volume 
IS 0 000579. The number of avail¬ 
able divisions o'j the Y-axisi8 40 
Therefore, the approximate value 
of each division of Y-axis should 

be at least ^ ^^^'’^--0 000144. 

40 ^ 


Take each small division to 
represent 0 000020, which is the 
next best possible value. Take 
2‘5 small divisions to represent 
YC. on the Y-axis. 

Write down the values of the ordinate every 5 divisions apart taking 
O'999800 as the zero reading, and also write the values of temperatures on the 
Z-axii). 

Plot the points and draw the eraph (Fig 3). To get the value of the 
temperature corresponding to 0'99990 c.c., draw a straight line through the point 
(0 99990) parallel to the X-asis cutting the curve at two points the abscissa 
of the first point being 2'41 and that of the second po nt being 5'8 nearly. 

Therefore the required temperatures are 2 41“ and 5'8“. Here the unknown 
re<^ult IS determined by what is known as Interpolation. 

S, The battery reaietance 'b ohms for a current 'c' ampere waa found in 
a certain teat aa followa : — 



Fig. 3 


b 

4-2 48 1 5'0 

5-8 

76 

85 

iro 

c 

0-21 1 Olo 0-11 

0-14 

0 '0->6 

0 06 

0 04 


JUualrate th» reauUa graphically Are they eoneietent with the Ohm'e law ? 

(Po* 1920) 

Plot 'h' along the X-axis and ‘o’ along the Y-axis (Fig 4). 

Vnita.—\ small division dn the X-axis represents 2 ohms. 

1 small division on the Y*azis represents 0’005 amp. 
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According to Ohm's law the product of ctlrcent strength and the corres* 
iponding resistance should be constant, which is not the case here. Hence the 
results are not consistent with Ohm’s law. 

rf. topper rod m found to be b£09, 5 0018, 5 0027 metree long at tem- 
peraturei iO 0 , 20 C , SO C reapeot^ly Fmd by meant of a graph tta length 
at Oh ^ 

> 

Unita^^tch small division on the X-axis represents VO 

7-axis 0 00009 metre. 



Fig. 4 



Here some space is left below the point 5 0009 on the F-axis in order to 
allow the carve (Fig 5) to cut the F-axis below this point, if necessary 


The graph obtained is a straight line which being produced meets the F.axis 
at a point the value of which is 5 metres from the graph 1 bus the required 
length at 0 C, IS 5 metres 


This*method of determining the unknown 
result by producing the curve is known 
as extrapolation 

5 Draw a curve on the aquared paper 
aupphed to indicate the height above ground 
at intervtda of half a second of a body 
falling freely from rest at a height of 160 ft. 

Find from your graph the position of 
Ok particle after 1 76 seconds (O V 1912) 

The space traversed by a body fall¬ 
ing from rest = 2 fif^*< ^rid hence the 

height above the ground at any time 
ft. 

Taking 9=32 it. per sec*., the distance 
fallen through, and so the height above the 
ground at intervals of half a second, is 
calculated and the following table is 
prepared: 



41 










642 


INTERMEDIATE PHYSICS 


Time in seconds 

0 

0*5 

1 

1*5 

2 

2*5 

3 

Height fallen, in feet 

oi 

4 

« 

16 

36 

64 

100 

144 

Height above ground in feet 

150 

146 

131 

114 

86 

50 

6 


Unt{«.—1 small division on the X-axis represents 0 1 sec. 

1 small division on the Y-axis represents 4 ft. 

The position of the body at the end of 1*76 sec., obtained from the graph 
(Fig. 6), is nearly 103 ft. above the ground. 


PHYSICAL TABLES 

(1) UNITS 


Quantity 

- 

F.P.S. Unit 

C.G.S. Unit 

Length 

foot 

centimetre 

Mass 

pound 

gram 

Force 

poundal 

dyne 

Work 

foot-poundal 

erg 

Power 

ho.se-powcr 

ergs per second 


A force equal to the weight of 1 pound=32'2 poundals. A force equal to 
the weight of 1 gram—981. dynes. 


(2) METRIC EQUIVALENTS 

LENGTH 

1cm. “0*3937 inch ~0'032 ft. 1 inch=254cms, 

1 metre=:39 37 inches 

-*=328feet 1 foot=s0’3048 metre 

=1*09 yards 1 yarda=0'9l4 metre 

1 kilometre=s39370*790 in.«3280*899 ft.3= 1093*633 yd.=0*621 mile. 
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AREA * » 


1 sq. inch “=6*45 sq. cm. 

1 sq. foot 9 b 0'093 iq. metre 
1 sq. yard»0‘836 sq. metre 
1 sq. mile=2 590 sq. kilo-metres ... ^ 


1 aq. cm. 

1 sq. metre 
1 sq. metre 
1 aq. kilo. „ 


=0*155 sq. in. 
=10*764 sq. ft. 
=1*196 sq, ydsL 
=0*386 sq. mile. 


1 cu. in. = 16‘387'c.c. 

1 cu. in, =0’061 litre. 

I gallon=4 546 litres 

1 gallon=01604 cu. ft. 


VOLUME 

1 C.C. 

1 litre 
1 litre 

1 litre 

10 pounds of water at 62°F. 


=0*061 cu. in. 
*61‘02 cu. in. 
=1*76 pints. 

=0*22 gallon. 


MASS 

1 grain (gr.) =^’065 gram (gm.) ... 1 gram=15'432 grains. 

1 ounce (or ) = 28*35 grams., ... 1 milligram. =0*015 grain, 
i pound Clb.) = l6 oz. (7000 grains)■=453’6 gram. (1 gram.=0-0022 lb.). 

1 pound =0 453 kilogram ... 1 kilogram =2’205 pounds=O OOOy ton. 


FORCE 


1 gram-weight=981 dynes. 

1 pound-weight=8 45X10* dyne8 = 32*2 poundals. 
1 poundal=l Ib.-wt. 4-^=13,825 dynes. 


(3) MENSURATION 


?r=3*14159; ff2=9'87; 

Radius of circle =sr . 

e^=27183 


log ir=0*4972; log «r* =« 0*^3 
Circumference of circle=27'f'. 
J3=l*7321. 
log* 10 =2*3026. 


AREA 

Square (side 1) =I» * 

Rectangle (breadth b)=lxb 
ParaUelogram=base X perpendicular height 
Triangle =1 base X altitude 
Circle=^if* 

Surface of cube (side Z)=61* 

Surface of sphere (radius r)=4n’r* 

Curved surface of cylinder (radius r, height A): :2rrrxh 


VOLUME 

Cube as I® 

Cylinder=area of base X perpendicular height 
Cone =1' (area of base X perpendicular height) 
Priam =aTea of base X perpendicular height 
Sphere cixcumscxibing cylinder. 
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(4) USEFUL DATA 

The weight of 1 cu. ft. of water=62 5 Iba. (approximately). 

„ „ „ ait at O^C. and at 1 atmosphere=0 0807 pound. 

The weight of 1 cu. ft. of Uydtcljien at 0°0. and at 1 atmo8phete=i00056 
pound. 

1 foot pound=1’356X10'' ergs. 

1 horse-power-houi*-33.000 X 60 foot-pounds, 
f 1 standard atmj)8pherc=760 millimetres or 30 inches of mercury ; 

-I =1033 gtams.-wt. per sq. cm.=(1033x981)=l‘013 x 10* dynes per sq. cm. 
l^=14*7 pounds-wt. per sq. inch.=2116 pounds-wt per sq. foot. , 

Height of standard water barometcr=760xl3'596 mm,=:29*92xl3'596 
inches. 

A column of water of height 2‘3 fret corresponds to a pressure of 1 lb. 
pec sq, inch. 


(5) CONVERSION TABLE' 


To reduce 

Multiply b% 

To reduce 

( 

Multiply by 

Inch to centimetre 

2*54 

• 

Cu. ft. i>f water to lbs. 

62*5 

Sq. in. to tq. cm. 

6*45 

Miles per hr. to ft per 


Cu. ID. to cu. cm 

1639 

min. 

88 

Grams to grains 

15*4 ' 

lbs. per sq. in. to 


Pounds to grams 

453*6 

atmospheres 

0*07 

Ounces to grams 

28*35 

Grams per sq. cm. to 


Grains to grams 

0 0b5 

lbs. per sq in. 

0*014 

Gallons of water to lbs. 

10 

Atmospheres to lbs, 


Cu. ft. to gallons 

6 24 1 

per sq in. 

14*7 

Cu. ft. to litres 

23*3 j 

H. P. to watts. 

746 

lbs. of water to litres 

0 454 

' 

H. P. to ft. lbs, per rain. 

33000 


(6) DENSITY iOR MASS PER UNIT VOLUME 

(IN GRAMS PER C. C.) 

METALS 


Aluminium 

2*7 

Lead 

11*37 

Antimony 

6*7 

Nickel 

8*9 

Bismuth 

9*8 

Platinum 

21*5 

Copper 

8*9 

Quartz 

2*65 

Gold 

19*3 

Silver 

10*5 

Iron (cast) 

7*2 

Tin 

7*3 

„ (wrought) 

7*8 

Zinc 

7*1 

(steel) 

7 7-7*9 




ALLOYS 

Brass ... 8‘4—8*7 Bronze ... 8*7 
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DENSITY OF LIQUIDS 
(GRAMS PER C. C.) 


Alcohol 

079 

1 Olive oil 

... o-oi-o-gs 

Aniline 

102 

* Paraffin 

070—0-82 

Benzene 

0B9 

Petrol 

0-68—0 78 

Ether 

072 

Petroleum 

0 878 

Glycerine 

1-26 

Spirit (nifthylatcd) 0‘83 

Kerosene 

0-8 

Turpentine 

0 87 

Mercury (0°O.) 

13 5% 

Water (A‘'G ) (ordinary) ...100 

Milk 

103 

„ (25'0.) 

0-99708 

Oil Linseed 

0 94 

Water (sea) 

1026 


DENSITY OF COMMON SUBSTANCES 
(GRAMS PER C. C ) 


Chalk 

• 

• ha 

1-9-2-8 

Paraffin 

• • « 

09 

Cork 

• •• 

0 22-0 25 

Porcelain 

• •• 

2 3 

Glass (Crown) 


2-4—2 6 

Quartz 

• •• 

26 

Glass (flint) 

• •• 

2 9—4 6 

Salt (t ommon) 

• •• 

2-2 

Guttapercha 

• 

• •• 

0 97 

Sand 

• a* 

26 

Ice • 

• • • 

092 

Slate 

• a a 

23 

India-rubber 

• •• 

0-9-13 

Sugar 

• a • 

1-6 

Ivory 


18 

Wood (teak) 


07-08 

Marble 

• •• 

27 

WrtX t Bees’) 

aa • 

0-9 


(7) ELASTICITY 


(YOUNG’S MODULUS) 


Aluminium 

... 7X10’» 

dync«/*.m ® 

Mangamn ...12-4Xb’' 

dynes/cm.’^ 

Constantftn 

... 16-2x10^^ 

«« 

Silver ... 7 9x10“ 

t« 

Copper 

... 12-3X10“ 


Steel ...20-9X10“ 



(8) 

MELTING POINT 


Bees* wax 

• a a 

63 C. 

Tin ... 

232°C. 

White wax 

• a • 

68 C. 

Tungsten 

3400’C. 

Butter 

• «• 

28—3yc. 

Paraffin 

45'’-56°C. 

Ice 

• %• 

OC 

Platinum 

1773°C. 

Copper 

a* • 

1083 C. 

Sugar 

160 C. 

Iron 

«•• 

1527-C. 

Sulphur ... 

115 C. 

Lend 

j , 

327‘C 

Wax (Bee’s) 

61 ‘ to 64"C. 

Mercury 

• •• 

-39 C. 

Wax (white) 

68'’C. 

Napthalene 


80 C. 




(9) 

BOILING POINT 


Alcohol 

#• a 

78“C 

Glycerine 

290°C. 

Aniline 

a a • 

182 C. 

Mercury 

357°C. 

Chlorolorm 


ere. 

Turpentine ». 

]58’C. 

Ether 

• •• 

35"C. 

Water 

lOO'C. 
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(10) COEFFICIENT OF EXPANSION 


Coefficients 


(PER "C*) 

of Lineal^ Expansion of Solids 


Aluminium 
Brass 
Copper 
German silver 
Glass 


0‘000022 Iron 
0-000019 Lead 
0*000017 Platinum 
0-000018 Silver 
0 0000083 Tin 


0-0000114 

0-000029 

0-000009 

0-000019 

0-0000214 

• 


Coefficients of Cubical Expansion of Liquids 


Alcohol (ethyl) ... 0-00122 

Aniline ... 0'00085 

Glycerine ... 0 00053 

Mercury ... 0*00018 


Olive-oil ... O'OOO? 

Sulphuric Acid ... 00095 

Turpentine ... 0 00094 

Water (10"-30") 0 000203. 


Coefficients of Cubical Expansion of Qases 

The coe£5cient of increase of volume of all gases at constant pressure and 
the coefficient of increase of pressure of all gases at constant volume may be 

taken to be=» ^ =0'00367 per °C. « 


(11) SPECIFIC HEAT 
Solids 


Aluminium 

• • • 

021 

Lead 

• a* 

0 03 

Bismuth 

• a • 

0 03 

Marble 

aaa 

0 22 

Brass 

• •• 

0-09 

Nickel 

aaa 

0-11 

Charcoal 

aa* 

019 

Paraffin 

aaa 

0-64 

Copper 


0 095 

Salt (common) 

•«a 

0-20 

Ice (0'’C) 

• •• 

0 50 

Sand 

aaa 

O'W 

India Rubber 

a * • 

0-48 

Sliver 

aaa 

0056 

Iron 

• * 

0-11 

Sulphur 

aaa 

• 0T63 

Glass 

• •a 

016-019 

Tin 

aas 

0-055 

Gold 

« • • 

0-03 

Zinc 

aaa 

0-033 



Liquids 



Alcohol 

• «a 

0-62 

Mustard oil 

aas 

0-50 

Aniline 

• » ■ 

0-50 

Paraffin oil 

aaa 

0-53 

Glycerine 

aaa 

058 

Turpentine 

• aa 

0-43 

Paraffin oil 

a • a 

0-53 

Water 

aa a 

1-00 

Mercury 


0-033 






Gases 





( Ai constant pressure ) 



Air 

*a« 

0 237 

Oxygen 

aaa 

0-217 

Hydrogen 

ass 

041 

Steam 

aaa 

0-465 

(12) LATENT 

HEAT OF 

FUSION {Calories per 

gram) 

Bismuth 

aae 

126 

Mercury 

aaa 

2-8 

Ice 

aas 

80-0 

Silver 

a »a 

21-0 

Lead 

• as 

5-4 

Sulphur 

sea 

9*4 
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(13) SATURATION VAPOUR PRESSURE OF WATER 

(In Millimetres of Mercury) 


Temperature 

Pressure 

Temperature 

Pressure 

(Centigrade) 

(mm ) 

(Centigrade) 

(mm.) 

—10° 

2 ] 

40 

5513 

0 

4 57 

50 

92-jO 

2 • 

5 29 

60 

1492 

5 

6 54 

70 

233-5 

8 • 

^01 

bO 

3551 

10 * 

920 

90 

525 8 

12 

10 51 

95 

634 35 

15 

12 78 

100 

o 

o 

18 

20 

25 

30 

15 46 

17 51 

2369 

3171 

150 

200 

• 

( — 1 atmos 

(3569 0 

l.=4'7 atmoB. 

111647 

L=: 15 4 atmos. 


(14) THERMAL CONDUCTIVITIES (in C G.S, Units) 


Alt 

000005 

Aluminium 

048 

Brass 

026 

Copper 

0-22 

Glass 

0 0005 

India-rubber 

0-0004 


Iron ... 016 to 0*18 


Lead ... O'OSO 

Mercury ... 00148 

Silver ••• 0-98 

Water (O’C) ... 0 0012 

„ (30°C.) ... 0-001 
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(15) VELOCITIES OF SOUND AT O'C. 


Substances 

Feet sec. 

• 

Metres per sec. 


Gases 


Ait 

1090 

332 

Carbon dioxide 

856 

262 

Coal gas 

1609 

493 

Hydrogen 

4163 

1270 

Oxygen 

1041 

317 


Liquid 


Water 

4714 

1437 


boiiiis 

• 

Brass 

11,480 

3500 

Glass 

16,410 

5000 

Iron 

16,820 

5l3(i 

Marble 

12,500 

3810 , 




INDEX 

{Numbers rej^r to pages] 


AlisoLTTTE expansion of a liquid, 
345; scale of temp.. 372; units 
5 : unit of force, 75 ; zero. 372 
Acceleration, 42, 72; due to gra- 
vity. 93 

Acoustics, 513 ; physiological, 608 
Adhesion, 179 
Adiabatic clianges, 382 
Acro-dynamics, 611; nautics, 611 
plane, 58. 618 ; Aileron. 630 
Alt,-conditioning, 485 ; -gun, 2%: 
-pump, 289 ; -resistance. 611; 

• screw 626 
Alcoholometer, 250 
Altimeter, 271 
Amplitude, 109. 5i2 
Angle of, attack, 0l9 ; repose 148; 
shear, 185 

Angular velocity, 43 

dnpsirom, 7 

Antinode, 562, 563 

Apphton Layer. 260 61 

Archimedft, 241; -principle, 225 

Artesian well. 212 

Aspect Ratio, 619 

A-thcrmanous, 475 

Atmosphere, homogeneous. 273; 

temperature of, 272 
Atmosphefle pressure, 261, 269: 

variations in the, 271 
Attraction, gravitational, 93 
Atvoood'a Machine, 101 
Automatic, Flushes, 304 ; brake, 296 


BACIC-L.A8U error. 23, 158 
Balance, common, 162 ; false. 168; 
hydrostatic, 225, 245 ; requisites 
of, 165; resting point, lb6; 
spring 158 

Balancing columns, 251 
Balloon and att-ship, 274 
Banking, of tracks, 86 
Barograph, 267 

Barometer. Fortina, 265; cistern, 
265 ; siphon, 266; aneroid, 267 ; 
faul^, 279 


Barometer reading, 267 ; corrections 
of. 357 

Baroscope, 228 
Beats, 557 

Betnouilli'a Theorem, 616 
Bicycle pump, 293 
Black » Ice-calorimcter, 404 
Black Joseph, 410 

Boiling Point, 423 ; determination of 
height by, 444 
Borda Platinum standard, 5 
Bourdon Gauge, 281 
Boyle» Law, 275 ; explanation from 
the Kinetic theory, 380 
Boyle, Robert, 282 
Bramah'a F'’rc«'s, 219 
Btciwnian Motion, 379 
Bulk Modulus, 187 
Bunaen’a Ice-cnlorimcter, 405 
Buoyancy, 226 , correction, 228 , of 
water, 225 ; law of, 227 
Buieitc 3L 


Lai 1 s mple, 14 ; slide, 21 

Calorie, 387 

Calorific value of fuels, 395 
Calorimetry, 387 

Camber, 619 cambered suiiace, 618 
Capillarity, 203 
(Jarteaian divei, 231 
Cavendtah, Heniy, 121 
Celling, 632 
C'elosusrAnders 315 
centigrade scale, 315 
Centre, of gravity, 97 ; of mass, 61 ; 
of pressure 620 

Centrifugal, and centripetal forces, 
83 ; drier 87 ; pump, 302 
C. G 8 system, 4; advantages 
of, 9 

Cham, Gunter, 12 
Change of State, 414 
Oharlea’ Law, 363 
Chord, 619 
Climbing, 631 
Clinical thermometer, 321 
Clouds, 459 

Coefficient of expansion, of gases, 
365 ; of liquids, 342 ; of solids, 
327 
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Cohesion, 179 

Common pump, 298 

Comparatot method, 330 

Comparison of heat and light, 477 

Compass, beam, 13 

Compensated balance wheel, 337 ; 

pendulum. 335 
Comptessibility, 181 
Compromises. 624 
Conduction of heat. 463 
Conductor, 464 
Cone of Iriction, 146 
Conservation of energy, 129 
Consonance, 573 
Convection, 463, 471 
CO'Otdinate. rectangular, 37 
Couple, 65 
Crank, 499 
Cream separator, 87 
Critical, Pressure, 437 ; tempera¬ 
ture, 437 

Cryophorus, TToZZaston's, 425 


Energy, 2,127 ; kinetic and poten-^ 
tial, 1^, 29; radiant, 475 i ttans* 
formation of, 129 

Engine, Aero- 506 ; steam, 500; con- 
A den8ing.*502 ; internal combustioa 
502 ; petrol 504; gas, oil, 505 

, *< Equation of motion, 44; of state, 
375 

Equilibrant, 50 

Equilibrium, 48 ; states of, 99 ; of 

a floating body, 230 

Erg. 125 • 

Error, instrumental or zero, 22 1 
back-lash, 23 

Ether, waves, 475 , wavelength, 475 
Evaporation, 4^ 

Expansion co-efficient of, 327, 
332 ; apparent and real. 341 


Dodton't Law, 434 
Davy'a Safety Lamp, 464 
Day, sidereal, 9 

Density 181, 243; and cubical expan¬ 
sion, 342 ; by floatation, 236 ; of 
ice, 236; of moist air, 457; 
relative, 244 
Derived units, 4 
Deaoaria*. Rene, 67 
Dew, 460 ; -point, 448 
Dia-thcrmanous, 475 
Diffusion, 193. 379 
Diffusivity, 467 
Dihedral angle, 629 
Dilatometer, 346, 333; constant 

volume. 353 
Dimensions, 9 
Displacement, 40 
Diving Bell, 304 * 

Divisibility, 180 
Doppler effect, 575 
Dryness and dampness, 450 
Ductility, 192 

Dulong and PetWa apparatus, 348 
Dyne. 75 ; and poundal, 75 


EAit, 608 

Earth, mass of, 97 
Ebullition, 422 ; laws of. 442 
Echo, 547 : depth 80undmg,’549 
Efficiency, 506, 507, 627 
Llastictty, 181 , modulus of, 187 ; 

constants, 187 
Elastic limit, 182 


Factor of safety, 184 
Fahrenheit. 315 ; sflble, 315-16 
Filter pump, 292 • 

Fire, alarms, 335 ; engines. 300 
Flattening of earth. 87 
Fletcher'a Trolly, 73 
Floatation, stability of, 230 
Floating Dock, 234 
Flying of, a kite, 57 ; an aeroplane, 
58 

Fly-wheel, 499 
Fog, 460 

Football Inflator, 295 
Force, 46; measurement of 72 
pump, 299; units of, 7^ 

Forced, and free vibrations, 553 
Forces, 48; composition of, 48; 
equilibrium of, 48 ; parallel, 64 • 
parallelogram of, 49; physical 
independence of, 78 ; polygon 
of, 53 : resolution of, 53 ; triangle 
of, 51 

Forecasting of weather, 268 
F. P. S. system, 4 
Freezing Mixtures, 420 
Frequency. 110, 486 
Friction, 141; coefficient of, 145 
fluid, 143; Kinetic, 148-149; 
limiting, 144; laws of, 145; 
sliding. 148 ; static, 142 ; rolling. 
142 

Frigidairc Type, 426 
Fundamental, tone, units, 4; inter¬ 
val, 316 

Fusion, 400, 414; latent, heat of 
400 ; laws of, 421 
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y, BETERMINATION of 101; the 
value of. 114, variation of, 94, 95 
QaUUo, Gahlei, 118 
Gas, coefficient of expansion of, 363 ; 
equation 375; pressure coeffi¬ 
cient of, 368 : volume coefficiexfl 
of, 363; thermometers, 370? 
constant, 375 

Gas and vapour, 438 
Gauges, external and internal, 15; 
limit, 15 : screw, 23 

Qautt'a Method, 168 
Glass, <,>uartz, 482 ; vita, 482 
Olaiaher’a formula, 455 
Coverror, watt’s, 88 
Gram, 7 ; the weight o£ a, 76 
Gramophone, 606 
Gravitation, 92 

Gravitational unif, of force, 76 ; 
of work, 125 

Gravity, 92 ; centre of, 97 
Green House, 482 
Gnd-tron Penduftim. 

Ouericke, Otto von, 306 
Gyration, radius of, 64 


Hati., 459 

Hangin Picture, 52 
Hardness 193 
Bare'a apparatus, 251 
Harmi nics. 584 ; ot closed pipe, 591; 
ot Open pipe, 592 ; of stretched 
Htring^ 581 

Helmholtz, 564 ; resonators, 555 
Hoar-frost, 460 
Hoolce'a law, 171,185 
Hooke. Robert,. 205 
Hope, Thomas Charles, 359 
Hope's, Expt, 354 
Horse-power, 126 
Hot springs, 212 
Huygene, Christian. 119 
Hydraulic Press, 219 
Hydrometer, common, 248 ; prin¬ 
ciple of. 239 : NiHiclem'e, 247 

Hydrophone, 540 

Hydrostatic, balance, 225, 245 ; 

bellows, 222; paradox, 216; 

pressure, 207 

Hydrostatics, 207 
Hygrometer, chemical, 455; 
DanieU'e, 452 ; Hair, 456 ; 
RegnauUe 452: wet and dry 
bulb. 453 


Hypsometer, 312 
Hypiometry, 443 


ICK-CALORIMETEE, 404 ; BUtok**, 404; 

Buneen't, 405 
Ice-machine, 426 

Immersed and Floating bodies, 230 
Impenetrability, 179 
Impulse, 74 

Inertia, law of, 70 ; moment of, 63 
Inclined Plane method, 105 
Inbator, Football, 295 
Infra-red, 476 
Ingen Hauaz'a expt., 468 
Intensity of sound, 566 
Jnterfercnce of sound. 556 
Intetmolecular forces, 177 
Intennolecular space, 177 
Inverse square law, gravitational. 

92 ; for heat, 474 ; for sound, 567 
Ionosphere, 261 
Isothermal and adiabatic, 3S1 
Isothermal change, 381; curve, 
278. 382 


J. THE VAiiUK or, 491; the deter¬ 
mination of, 491 
Joly'a method, 368 
Joule, 125. 507 ; experiment of, 491 
Jwrin'a Law, 205 


Kepler, Johann. 118 
Kilogram. International Proto¬ 
type, 7 

Kinetic, energy. 129 ; theory, 377 
Kite, the flying of, 57 
Kundt'a dust-tube expt., 600 


LACTOisirrER, 249 
Lami'a theorem. 52 
Land and sea-breeze, 473 
Laplaee'a correction, 49 
Latent heat, 400 

Lavoiaier, and Lapiace'a Method, 
328 

Law of stress, 79 ; of reaction, 79 
Lawn-roller, 56 

Laws oft falling bodies, 104 ; gravi¬ 
tation, 92; motion, 70; pendu¬ 
lum, 110; stretched atrings, 580 
Levers, 154-55 
Life-belt. 234 
Lift and drag. 621 
Lift-pump, 299 
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Load'Cstension graph, 182 
Longitudinal wavea, 519 
Loudness, 566 


Machines, 149; efficiency of, 150 
Magdeburg hemisphere, 262 
Malleability, 192 
Manometer, 280 
Manomectic flame, 594 
Mass and weight, 171 
Matter, 2 ; constitution of ' 176 ; 
geneial piopetties of, 179 ; three 
states of, 177 

Maximum density of water, 354 
Afoysr'a Method, 495 
Mechanical, advantage, 149, 150; 

equivalent of heat, 491 
Mechanics, 36 

Melting point. 414 ; of alloys. 418 
Mercury pendulum, 337 
Metacentre. 231 
Metal, IFaod’a, 418 ; Bote't, 418 
Method of oscillation, weighing 
by, 166 

Metre, International Prototype, 5 
Metric system, 4 ; advantages of, 9 
Matron ome, 35 
Micron, 6 
Mil. 6 

Millibar, 269 
Mist, 460 
M. IL S. unit. 9 

Moment, of a force, 61; of inertia, 
63: ot mass, 61 *, physical 
meaning of, 62; positive and 
negative, 63; principle ot, 
63 

Momentum, 71 ; angular. 64 ; Con* 
sexvation of, 82 ; units ot, 72 
Motion. Brownian, 379 ; circular, 
43: perpetual, 134; -if connec* 
ted system, 100: with uniform 
acceleration, 4 ; strcam-lme. 196. 

Mou$$on'» apparatus, 420 
Musical, instruments, 604 ; interval, 
573 ; scale, 573 ; sound, 566 


NcUTiiAL equilibrium. 99 
Nowton,Sir I$aac, 120 
Nowton'o laws of motion, 70 ; law of 
cooling, 396 

Nodes, 563, 590 
Noise, 566 

N.T P, meaning of, 374 


OOTAVE, 584 

Optimum angle. 623 
Organ pipe, closed, 589 ; open. 590 
^ Oscillation* 110 
J^/^'taosis, 198 
JT cycle, 503 

^ Otio Von Guericko, 263, 290 
Overtone, 584 
Ozone layer. 260 


Papin’b digester, 442 
Parachute, 274 

Parallelogram, law of, forces. 49; 
velocities, 59 

Pascal, Blaise, 223 
PaacaZ't Law, 217 , 

Pendulum, 109 : compensated, 335 ; 
compound, 109; conical, 88; 
laws oi, 110; seconds. 109; 
simple, 109 ^ 

Pen-filler, 297 . 

Perfect gas. 278, 380 
Perfectly, elastic body, 182; rigid 
body, 182 

Personal equation, 532 
Phase. 110 
Phonograph, t06 

Pitch, angle, of a note, of a screw, 22 
Pitching, 628 
Planimeter, 29 
PlinuoUhnc, 233 
Pneumatics, 259 ^ 

Poitton’s ratio, 184 * 

Porosity, 180 
Potential energy. 12S 
Pound, imperial standard, 8; 
wt. of a, 76 

Poundal, 75 

Power, 126 ; units of, 126 
Pressure, atmospheric, 261; Cotfl. 
of a gas, 368; in a liquid 207 ; 
normal (on the human body), 
278; transmission of. 217 

Preoott's theory of exchanges. 484 
Progressive waves, 518 
Pulley, 151 ; Block, 153; single 
fixed, 151; movable, 152 ; com¬ 
bination of, 152 

PliZZtnger'a aj»paratus, 329 

Pumps, air, 286 ; centrifugal, 302 : 
compression, 292; force. 299; 
lift, 299; rotary, 301; water, 
297 




INDEX 


653 


Quality of a note, 565 

Race and pinion, 162 
Radiant heat and lijht, 477 
Radiation, 463 ; intensity of, 

Rain, 459 : gauge, 461 

Reaumer. 315 : -scale, 316 
Reed pipe, 603 
Reflection of sound, 545 

Refrigeration, 425 
Refrigerant, 426 

Regelation, 419 
Regnault, Henry Victor, 358 

RtgnauU't Method, 350, 366; 
table, 431 

Relative, densiry, 244 ; humidity, 

449; velocity, 60 

Resistance, eddf, 616 ; skin, 616 
Resolution, of forces, 53 ; of veloci¬ 
ties, 60 

Resolved part. 54 

Resonance, 553^ of air, column, 555 
Resting point, 166 

Re tarda tion.43 

Rigidity, 192 ; modulus 188 

Rolling, 628 
Rose’s raetal, 418 

Rudder. 630 
Ruper's drops, 193 


SACTlAJBOTMK'l'ntJ, 250 
Sailing of a Boat, 56 

Sand glass, 33 
Saturated vapour, 430 

Savart's toothed wheel, 569 
Scale diagonal, 16 

Screw 157 ,* -gauge, 23 ; -jack, 159; 
micrometer, 22 ; pitch of, 22 

Searlet Method, 191. 468, 493 
Second mean solar, 8 
Shear, 185 

Side slip 632 
Sidereal day, 9 

Simple harmonic motion. 111 
Siphon, 302 ; intermittent, 304 

Siren, Qagnaird de la Tour'*, 570 
Seebtek'*, 569 

Six's thermometer, 322 
Sleet. 459 


Slide callipers, 21 
Snow, 459 

Soda water machine, 295 

Sonometer, 581, 582 
Sound, ranging, 540 ; articulate, 548 t 
box. 555 
Span. 619 

Spcciflc, gravity, 243 ; gravity bottle, 
247; heat, 389 

Speed, 40 : air. 614; governor, 88 ; 
ground, 614 

Spherometcr, 24 
Spirit level, 213 
Stable equilibrium, 99 

Stability, 628 ; of floatation, 230 
Stalling, 623 
Standards, 3 

States of matter, 177 

Stationary waves, 561; in strings, 579 

Steelyard, Roman, 169 
Stop, clock, 35 ; watch, 34 
Stove oil, 296 
Strain, 181 

Stratosphere, 260 
Stream lines, 613 
Srress,182 

Strings, vibration of, 578 
Strobost opic wheel, 601 
Sublimation, 416 
Submarine, 235 
Sun-dial, 33 
Super-cooling. 415 
Superficial expansion, 331 
Surface tension, 200 
Supetfuston, 415 
Surfusion, 415 
Sympathetic vibration. 556 
Syringe, 297 
Swimming, 234 


TAKE OKI' and landing, 631 
Tantalus Cup, 304 
Tape, 13 

Temperature, 310, 311; absolute 
scale of. 372 ; correction, 253; 
scales of. 315 ; stresses, 327 
Tenacity, 192 

Theorem, Lami's, 52 
Thermal capciry, 390 

Thermometers, clinical. 321; diff. 
erent forms of. 320; maximum 
and minimum, 320; Rutherford's 
320; six’s, 322 
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TnERMOei.FLAgK, 483 
Three states of matter, 177 
Torrieilli, Evangelista, 282 
Tornediian vacuum, 264 
Toisioq, 186 
Trade winds, 474 
Transmission of heat, 463 
Transverse vibration, 578; waves, 
5^; reflection of sound waves 
in, 578 

Triangle ol forces, 51 
Trim, 631 
Tropopause, 260 
Troposphere, 260 
Tube well. 20 ; pumps,^298 
Tuning, 583: foric, 513 

Ultimatp. srjirss, 183 
Units, 3; derived, 4: fundamental, 
4; of force, 75; of mass, 7 ; of 
heat, 386 

Unstable equilibimm, 99 

Vapour Pressure, 428 
Vector and scalar quantities, 66 
Velocity, angular, 43 ; uniform, 41 , 
average, 41; of sound, units of, 
42 ; ratio. 149 : relative, 60 ; R 
M. S., 378; triangle of, 60 
Vtntwi Tube expt, 616 
Famter, 17. con8tant,I18 
Viscosity, 194 
Voice, human, 609 
Volume, measurement of, 31; 
thermometer-constant, 368 


Water, anomalous expansion of, 
353; head of, 211; velocity ot 
sound in, 538 

Water equivalent, 391 
^afir supply, city, 211 

4 * ft. James, 508 
crft’a Governor, 88 
Wave, 518; length, 523, motion, 
518; front, 523 ; progressive, 
518; stationary. 561 
Weather, glass, 267; forecasting 
of. 268 
Wedge, 161 

Weight, 76,171; true. 228 
Weight thermometer, 343 
Welding. 420 
Wheel and axle, 156 
Wind, instrument, 604; tunnel, 613 
Windlass, 157 
Wood’s metal, 41i 
Work, 124; units of, 125, and 
power. 127 


I 

X, l NlT, 7 

Ya?i>, Imperial Standard, b 
Yawing, 62^5 
Yield point, 183 
Young’s Modulus, 137 
Young, Thomas, 205 


Zero, absolute, 372 










